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ABSTRACT 

We ana lyzed  t h e r m a l l y  t r e a t e d  heavy r e s i d u a  by e lement  s p e c i f i c  
s i z e  e x c l u s i o n  chromatography (SEC-HPLC-ICP) t o  e l u c i d a t e  t h e  f a t e  of 
t h e  V and N i  compounds. Thermal t r e a t m e n t ,  i n  a d d i t i o n  t o  removing 
m e t a l s ,  s i g n i f i c a n t l y  reduces  t h e  s i z e  of t h e  remaining 
me ta l - con ta in ing  compounds. 

We the rma l ly  t r e a t e d  t h e  d i s t i l l a b l e  and n o n d i s t i l l a b l e  meta ls  
s e p a r a t e l y .  The d i s t i l l e d  m e t a l s ,  p r i m a r i l y  po rphyr ins ,  were 
comple te ly  p rocessed  ou t .  The n o n v o l a t i l e  metals, which c o n s t i t u t e d  
most of t h e  Ni and V, were e i t h e r  removed, o r  reduced i n  s i z e .  

When t r e a t i n g  heavy r e s i d u a  ove r  commercial f ixed-bed 
hydroprocess ing  c a t a l y s t s ,  t h e  me ta l - con ta in ing  molecules  i n  t h e  s i z e  
r ange  of t h e  c a t a l y s t  p o r e  a r e  p r e f e r e n t i a l l y  removed. Those l a r g e r  
t han  the  po re  s i z e  appea r  t o  d e m e t a l a t e  more s lowly .  

The r e s u l t s  a r g u e  d e m e t a l a t i o n  is a f u n c t i o n  of t h e  l i gand  
s t r u c t u r e  and s i z e  of t h e  m e t a l - c o n t a i n i n g  s p e c i e s  and n o t  t h e  
c o o r d i n a t i o n  s p h e r e  around t h e  me ta l  c e n t e r .  

INTRODUCTION 

High me ta l s  c o n t e n t  is one of t h e  i n h i b i t i n g  f a c t o r s  i n  t h e  
p r o c e s s i n g  of heavy crudes  and r e s i d u a .  These me ta l s ,  p a r t i c u l a r l y  V 
and N i ,  a r e  d e l e t e r i o u s  t o  f i x e d  bed c a t a l y s t s ,  caus ing  d e a c t i v a t i o n  

New technology has  r e c e n t l y  been developed t o  p rocess  f e e d s  with 
h igh  me ta l s  c o n t e n t s .  Th i s  technology c e n t e r s  around metals removal 
by us ing  h igh  m e t a l s  l o a d i n g  c a t a l y s t  or guard b e d s  ( 2 ) ,  o r  s e p a r a t i o n  
and r e j e c t i o n  of  poor  q u a l i t y  h igh  m e t a l s  m a t e r i a l s  (3). 

Understanding t h e  mechanism, or mechanisms, by which t h e s e  metz ls  
a r e  removed can u l t i m a t e l y  l ead  t o  bet ter  p r o c e s s i n g  methods. But we 
a r e  l l m i t e d  by t h e  methods of examinat ion  f o r  me ta l s .  The ino rgan ic  
compounds a r e  a t  ppm l e v e l s ,  which l e a d  t o  p a r t i c u l a r l y  d i f f i c u l t  
a n a l y t i c a l  problems. To c i rcumvent  t h i s ,  we have developed  and 
a p p l i e d  s i z e  e x c l u s i o n  chromatography, w i th  i n d u c t i v e l y  coupled  plasma 
emiss ion  s p e c t r o s c o p y  (SEC-HPLC-ICP) t o  examine V and N i  as a f u n c t i o n  
of p rocess  c o n d i t i o n s .  This  t echn ique  a l l o w s  mon i to r ing  t h e  s i z e  
environment of a s e l e c t e d  e lement ,  w i thou t  t h e  compl i ca t ions  of o t h e r  
components. 

(1). 

EXPERIMENTAL 

We ob ta ined  C a l i f o r n i a  a tmosphe r i c  r e s i d u a  (AR) No. 1 and No. 2 
by s i n g l e  p l a t e  d i s t i l l a t i o n  of t h e  co r re spond ing  crude  t o  a 343OC 
c u t - p o i n t .  Both AR a r e  h i g h  i n  me ta l s  having  over  400 ppm N i  + V. 
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The thermal processing was performed in a tubular flow reactor, 
under high hydrogen partial pressure. The fixed-bed catalytic 
processing was performed over commercially available metals loaded 
alumina catalysts at typical hydroprocessing conditions. The samples 
were collected from the reactors and stored cold, under nitrogen, 
until use. Care was taken to protect the samples from oxygen, and to 
analyze them as soon after processing as possible. 

The processing conditions were selected based on the apparent 
thermal reaction threshold temperature of 410°C (see discussion 
below). Treatment at and above this temperature is referred to 
thermal processing. Three standard severities were chosen -- low, 
moderate, and high. Fixed-bed catalytic treatment was done below this 
temperature. 

The fractionation of the California AR No. 1 into a 
porphyrin-containing distillate cut (454OC to 677OC) and a 
nonporphyrin-containing residuum (677OC+) was performed using a 
short-path distillation apparatus (DISTACT). The cut point between 
the two fractions was based on the earlier results on metals 
distribution as a function of boiling point [M. M. Boduszynski 
unpublished results]. 

We analyzed both feeds and products by SEC-HPLC-ICP. The 
technique and the equipment have been described in detail previously 
(4). The feeds and products were prepared and analyzed by the 
following procedure: 

1) dilute the feed or product to a concentration of 1 to 5% by wt 
mobile phase of %-xylene, %-cresol, and pyridine. 

2 )  elute the solution by HPLC on Ultragel 5 0  and 1000 nm analytical 
columns. 

3 )  detect emission profiles of V (292.40 nm) and Ni (231.60 nm) using 
an ICP source. 

The output, or response profile so obtained, measures the selected 
elemental content as a function of the elution time. Calibration with 
polystyrene (PS) standards ( 4 )  and model compounds (5,6), changes the 
response profile from a time domain to a logarithmic size domain. 
Because we are interested in the relative distribution, and not 
absolute changes, the profiles shown here are not normalized to 
absolute metals content. 

The porphyrin/nonporphyrin separation methods are also reported 
elsewhere ( 4 ) .  W-vis determinations were performed on alumina and 
capped-silica column separated fractions by techniques discussed 
elsewhere (4,7). 

METAL STRUCTURES IN THE FEEDS 

Figure 1 shows the V and Ni SEC-HPLC-ICP response profiles for 
California AR No. 1. The V profile exhibits the typical bimodal 
distribution seen for many other crudes and residua (4-6,8,9). The 
profiles are generally bimodal in distribution, with maxima at MW 
around 800 and 9000 (PS standards). The maximum at 800 has been 
assigned by extraction techniques to be metallopetroporphyrins (4). 
For the crudes examined, the metallopetroporphyrins are most of the 
small metal compounds, but account for only a minor amount of the 
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metals i n  t h e  c rude .  26% and 34% of t h e  V i s  bound as pe t roporphyr in  
f o r  C a l i f o r n i a  AR No. 1 and No. 2 r e s p e c t i v e l y .  

We b e l i e v e  t h e  remain ing  me ta l - con ta in ing  compounds a r e  
nonporphyr ins .  We have examined, t h e  ave rage  f i r s t  c o o r d i n a t i o n  
sphe re  around t h e  V i n  t h e  nonporphyr in  f r a c t i o n  u s i n g  e l e c t r o n  
paramagnet ic  r e sonance  (EPR) spec t roscopy ,  and have found va r ious  
combina t ions  of N ,  S and 0. For  C a l i f o r n i a  AR No. 2, t h e  
nonporphyr in  c o o r d i n a t i o n  s p h e r e  i s  N 0 2s (9). 

The N i  SEC-HPLC-ICP p r o f i l e  i n  F igu re  1 e x h i b i t s  more n o i s e  due 
t o  t h e  lower r e sponse  f a c t o r  of N i  i n  t h e  ICP d e t e r m i n a t i o n  i n  
comparison w i t h  V, and t h e  lower c o n c e n t r a t i o n  of N i  i n  t h e  f e e d .  It 
also shows t h a t  t h e r e  a r e  f a r  fewer  N i  p o r p h y r i n s  than  V po rphyr ins ,  
as observed f o r  o t h e r  c rudes  and r e s i d u a  (5,6).  We d i s c u s s  t h e  
f o l l o w i n g  r e s u l t s  u s i n g  on ly  t h e  V p r o f i l e s .  N i  p r o f i l e s  behaved 
s i m i l a r l y  i n  a l l  c a s e s .  

These r e s u l t s  and e x t r a c t i o n  d a t a  ( 6 )  have l e a d  t o  a fo rmula t ion  
of models f o r  m e t a l s  i n  c rude  o i l s .  We b e l i e v e  t h e  m e t a l s  t o  b e  of 
two types :  1) t h e  po rphyr ins  which have a narrow, bu t  w e l l  de f ined  
molecu la r  weight  r ange  due t o  homologous s e r i e s  s u b s t i t u t i o n s  ( l o ) ,  
and 2 )  t h e  nonporphyr ins ,  which span  a much b roade r  molecular  weight 
and s i z e  range .  The nonporphyr in  molecu la r  s i z e  range could  be due  t o  
small molecu la r  weight compounds which are convolu ted  i n  a 
t e r t i a r y - a g g l o m e r a t e d  s t r u c t u r e .  The nonporphyr ins  could  a l s o  have 
homologous s e r i e s  t y p e  s t r u c t u r e .  

THERMAL PROCESSING: TEMPERATURE BEHAVIOR 

F i g u r e  2 e x h i b i t s  t h e  V r e sponse  p r o f i l e s  f o r  C a l i f o r n i a  AR No. 
1 the rma l  p r o d u c t s .  These p roduc t s  were g e n e r a t e d  from p r o c e s s i n g  i n  
a t u b u l a r  r e a c t o r  a t  moderate the rma l  s e v e r i t y  and low thermal 
s e v e r i t y .  The p r o f i l e s  co r re spond  t o  78% and 38% V removal, 
r e s p e c t i v e l y .  

A t  modera te  the rma l  s e v e r i t y ,  t h e  remain ing  metal compounds 
e x h i b i t  a d r a m a t i c  s h i f t  t o  smaller molecu la r  s izes .  The l a r g e r  
prominent maximum i s  s h i f t e d  from i t s  p o s i t i o n  i n  t h e  f e e d  and appears  
t o  be vanady l  p e t r o p o r p h y r i n s .  Th i s  w i l l  be  d i s c u s s e d  i n  a subsequent 
s e c t i o n .  

A t  low the rma l  s e v e r i t y ,  t h e  remain ing  me ta l - con ta in ing  compounds 
e x h i b i t  s imilar t r e n d s ,  b u t  s h i f t  much l e s s  t han  i n  t h e  moderate 
the rma l  s e v e r i t y  c a s e .  

These r e s u l t s  combined w i t h  h igh  the rma l  s e v e r i t y  product  
p r o f i l e s  ( n o t  shown),  i n d i c a t e  t h e  e x t e n t  of s i z e  r educ t ion  appea r s  t o  
be a f u n c t i o n  o f  t h e  the rma l  r e a c t o r  t empera tu re .  

THERMAL PROCESSING: REACTION TIME EFFECT 

F i g u r e  3 shows C a l i f o r n i a  AR No. 2 p rocessed  a t  moderate thermal  
s e v e r i t y  i n  t h e  t u b u l a r  r e a c t o r  f o r  d i f f e r e n t  r e a c t i o n  t imes .  V 
removal was 70% i n  t h e  long  r e s i d e n c e  t i m e ,  and 50% i n  t h e  s h o r t  
r e s i d e n c e  t ime .  There  is  l i t t l e  d i f f e r e n c e  i n  t h e  p r o f i l e  
d i s t r i b u t i o n  of t h e s e  p r o d u c t s .  L iqu id  r e s i d e n c e  t i m e  appea r s  t o  have 
l i t t l e  e f f e c t  on t h e  amount of s i z e  r educ t ion .  
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CATALYTIC PROCESSING 

1 was processed downflow in a fixed-bed 
reactor over commerc ally available hydroprocessing catalysts. The V 
SEC-HPLC-ICP profiles of products from short residence times and long 
residence times are shown in Figure 4. The short residence time 
profile corresponds to 50% V removal. The remaining metal-containing 
compounds exhibit a conspicuous lack of smaller components. The 

I porphyrin and similar size compounds are absent, while some of the 

1 

! larger, nonporphyrin compounds are still evident. 

1' 
1 

Fixed-bed processing at long residence time also removes the 
smaller metal-containing compounds. The long residence time profile 
corresponds to 70% V removal. The profile is very similar to that of 
the short residence time profile showing the longer reaction time does 
not appear to affect the size profile of the remaining 
metal-containing compounds. This is also seen in the thermal 
treatment results above. 

Under fixed-bed processing conditions, the catalyst pore Size 
appears important. The compounds that are in the size range of the 
catalyst pore are removed. This behavior has been seen in the studies 
on the processing of Safaniya asphaltenes (ll), Arabian Light vacuum 
residuum ( V R )  asphaltenes and maltenes (12), in gel permeation 
chromatography (GPC) studies of Venezuelan crudes (13), and in 
demetalation kinetic studies of Boscan and Arabian Light residua (14). 

The metal-containing compounds which do not fit in the catalyst 
pores require more severe processing. Longer residence times were 
required to remove these metals. The kinetics of metals removal over 
typical hydrodesulfurization catalysts have been determined in some 
cases to be second order (15). This has been explained as 
demetalation by two different first-order rate constants (16). These 
could be the respective demetalation rates for the metals which can 
fit into the catalyst pores and those which cannot. 

THERMAL PROCESSING: PORPHYRINS AND NONPORPHYRINS 
To determine the individual fates of the porphyrins and 

nonporphyrins during processing, California AR No. 1 was separated 
into distillable and nondistillable metal fractions by distillation, 
and each fraction was thermally processed. Figure 5 shows the 
separation by distillation. The 454OC to 677OC fraction shows only 
small size metal-containing compounds. The V in this fraction was 
determined by UV-vis spectroscopy to be 98% porphyrin, and by methanol 
extraction to be 90% porphyrin. The 677OC+ fraction is primarily the 
nonporphyrin metal compounds. Methanol extraction indicates only 2% 
of the V bound as porphyrin, and UV-vis spectroscopy indicates only 2% 
of the V bound as porphyrin in this fraction. 

For thermal treatment at moderate thermal severity both fractions 
were diluted with appropriate vacuum gas oil components to their 
original metals concentration in the AR. Figure 6 shows the V 
SEC-HPLC-ICP profiles of the 454OC to 677OC fraction before and after 
processing. It is clear from the profiles that the porphyrins are 
completely removed (as well as the rest of the V). 

Figure 7 shows the V SEC-HPLC-ICP profiles for the 677OC+ 
fraction before and after moderate thermal severity treatment. The 
remaining metal-containing compounds are shifted to the smaller 
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molecular  s i z e ,  s imilar t o  t h o s e  of  t h e  moderate  thermal s e v e r i t y  
p r o c e s s i n g  of C a l i f o r n i a  AR No. 1. 

Nonporphyrins have been thought  of as p o r p h y r i n s  which have been 
e n c a p s u l a t e d  i n  a n  a g g l o m e r a t i v e  network ( 1 7 ) .  They would n o t  
n e c e s s a r i l y  be d e t e c t e d  as p o r p h y r i n s  because  t h e i r  s p e c t r o s c o p i c  and 
p h y s i c a l  p r o p e r t i e s  could  be changed by t h i s  agglomera t ion .  The s i z e  
r e d u c t i o n  s e e n  i n  t h e  t h e r m a l  t r e a t m e n t  of t h e  677OC+ c u t  produces 
compounds which are smaller t h a n  e i t h e r  t h e  feed p e t r o p o r p h y r i n s ,  o r  
p o r p h y r i n  model compounds, as evidenced i n  F i g u r e  7. Porphyr in  
e x t r a c t i o n  and UV-vis d e t e r m i n a t i o n  show less t h a n  3% of t h e  V is 
bound a s  p e t r o p o r p h y r i n  i n  t h i s  p r o d u c t .  We f e e l  t h i s  v e r i f i e s  t h e  
e x i s t e n c e  of t h e  nonporphyr ins  which are n o t  e n c a p s u l a t e d  p o r p h y r i n s .  

T h i s  argument  would be n u l l i f i e d  i f  t he  s t r u c t u r e  of t h e  
m e t a l - c o n t a i n i n g  compounds were s u f f  i c i e n t l y  changed d u r i n g  
p r o c e s s i n g .  For example,  t h e  p o r p h y r i n s  c o u l d  be d e m e t a l a t e d ,  bu t  
i n s t e a d  of f a l l i n g  o u t  comple te ly ,  the metals could  combine w i t h  o t h e r  
p o l a r  o r g a n i c  molecules  and could  r e b i n d  h a v i n g  a nonporphyr in  l i g a n d  
environment .  

DISCUSSION 

The r e s u l t s  shown h e r e  are  i m p o r t a n t  i n  t h e  o v e r a l l  p i c t u r e  of 
p r o c e s s i n g  r e s i d u a  and heavy o i l s .  Although l i t t l e  d a t a  e x i s t s  on t h e  
behavior  of t h e  m e t a l - c o n t a i n i n g  compounds monitored by element  
s p e c i f i c  d e t e c t i o n ,  some s t u d i e s  have been done by o t h e r  t e c h n i q u e s .  

GPC s t u d i e s  on t h e  o r g a n i c  p o r t i o n  of Arabian L i g h t  VR mal tenes  
and a s p h a l t e n e s  t h e r m a l l y  p r o c e s s e d  under  v i s - b r e a k i n g  c o n d i t i o n s  
showed a d r a m a t i c  d e c r e a s e  i n  t h e  a v e r a g e  m o l e c u l a r  s i z e  ( 1 2 )  upon 
i n c r e a s e  of p r o c e s s  t e m p e r a t u r e .  The same r e s u l t s  were found i n  t h e  
heat t r e a t m e n t  of S a f a n i y a  VR a s p h a l t e n e s  (11). T h i s  a g r e e s  w e l l  w i t h  
o u r  thermal  p r o c e s s i n g  r e s u l t s  f o r  t h e  N 1  and V, where we a l s o  see 
s i z e  r e d u c t i o n  which i s  dependent  on thermal  t e m p e r a t u r e s .  

The e f f e c t  of f ixed-bed  p r o c e s s i n g  under  c a t a l y t i c  c o n d i t i o n s  h a s  
been  s t u d i e d  more thoroughly .  Arabian L i g h t  t r e a t e d  under  mild 
hydroprocess ing  c o n d i t i o n s  e x h i b i t e d  metals r e d u c t i o n  cor responding  t o  
c a t a l y s t  p o r e  s i z e  ( 1 4 ) .  S i m i l a r  r e s u l t s  f o r  t h e  o r g a n i c  p o r t i o n  have 
been s e e n  w i t h  Arabian  Light  VR a s p h a l t e n e s  (12), Morichal  c rude  (13), 
and a s p h a l t e n e s  f rom S a f a n i y a  VR (11). T h i s  also a g r e e s  wel l  w i t h  our  
f ixed-bed p r o c e s s i n g  r e s u l t s  where t h e  metals are d i s t i n c t i v e l y  
-- a f f - * + - d  - - - - - - hy the  peye  s i z e  of t h e  c a t a l y s t .  

One of t h e  i m p o r t a n t  consequences of t h i s  s t u d y  i s  t h a t  t h e  
p o r p h y r i n s  a p p e a r  t o  be removed f i r s t  I n  res iduum d e m e t a l a t i o n .  T h i s  
conclus ion  h a s  been reached p r e v i o u s l y .  Porphyr ins  have been found t o  
b e  p r e f e r e n t i a l l y  removed i n  thermal t r e a t m e n t  w i t h  hydrogen and/or  
hydrogen s u l f i d e  (18). I n  a d d i t i o n ,  the r e a c t i o n  t h r e s h o l d  
t e m  e r a t u r e  f o r  p o r p h y r i n  d e m e t a l a t i o n  was 4OO0C w i t h o u t ,  b u t  on ly  
200 c w i t h  a f ixed-bed h y d r o g e n a t i v e  c a t a l y s t .  O x i d a t i v e  t r e a t m e n t  
s t u d i e s  of r e s i d u a  have a l so  shown t h e  same e f f e c t  -- t h e  p o r p h y r i n s  
come out  f i r s t  (19,20). 

Our s t u d i e s  s u p p o r t  t h e s e  c o n c l u s i o n s .  The r e s u l t s  from s e p a r a t e  
p r o c e s s i n g  of t h e  p o r p h y r i n s  and t h e  nonporphyr ins  are  ev idence  t h a t  
the p o r p h y r i n s  are t h e  most l a b i l e .  I n  a d d i t i o n ,  t h e  removal of t h e  
metals 1s g r e a t l y  a s s i s t e d  by t h e  f ixed-bed  h y d r o p r o c e s s i n g  c a t a l y s t ,  
which o p e r a t e s  a t  a s u b s t a n t i a l l y  lower t e m p e r a t u r e .  

g 
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However, i t  is impor t an t  t o  no te  t h a t  t h e s e  r e s u l t s  may n o t  be a 
consequence of  t h e  po rphyr in  or t h e  nonporphyrin c o o r d i n a t i o n  s p h e r e ,  
b u t  s imply  a consequence of  t h e  s i z e  of  t h e  compounds. I n  t h e  the rma l  
case ,  t h e  po rphyr ins  were removed because they  were most of t h e  
smallest me ta l - con ta in ing  molecules .  I n  t h e  f ixed-bed p r o c e s s i n g ,  t h e  
po rphyr ins  were removed because of  t h e  m e t a l - c a t a l y s t  p o r e  s i z e  
r e l a t i o n s h i p .  

S t u d i e s  of f e e d s  and p roduc t s  from t h e  ABC p r o c e s s  (211 ,  showed 
t h e  i s o t r o p i c  EPR pa rame te r s  of  t h e  vanadyl  ion e x h i b i t e d  l i t t l e  
change i n  p r o c e s s i n g ,  and t h e r e f o r e  l i t t l e  o r  no change i n  t h e  f i r s t  
c o o r d i n a t i o n  s p h e r e  abou t  t h e  metal c e n t e r  (22,231. It was concluded 
from t h i s  t h a t  t h e  r e a c t i v i t y  of  t h e  vanadium is determined by t h e  
m a c r o s t r u c t u r e  of  t h e  residuum, and n o t  by t h e  n a t u r e  of  t h e  
c o o r d i n a t i n g  metal l i g a n d s .  

T h i s  is a l s o  suppor t ed  by t h e  rates of hydrodemeta l a t ion  s t u d i e s  
of  e x t r a c t e d  p e t r o p o r p h y r i n s .  The f a c i l i t y  by which hydrogena t ion  of 
po rphyr ins  (24 )  o c c u r s  s t r o n g l y  a rgues  t h e  rate of d e m e t a l a t i o n  i s  no t  
a f u n c t i o n  o f  t h e  i n t r i n s i c  r e a c t i o n  ra te  of  t h e  f i r s t  c o o r d i n a t i o n  
s p h e r e  around t h e  metal i o n ,  b u t  d i f f u s i o n  th rough  o r  d e n a t u r i n g  of  
t h e  p o l a r  medium around t h e  me ta l - cen te r s .  

CONCLUSION 

We have examined the rma l  p r o c e s s i n g  and c a t a l y t i c  f i x e d  bed 
p r o c e s s i n g  by SEC-HPLC-ICP t o  de t e rmine  d e m e t a l a t i o n  mechanisms. 
Thermal p r o c e s s i n g  removes N i  and V and r educes  t h e  s i z e  of  t h e  
remaining me ta l - con ta in ing  compounds. Fixed-bed p r o c e s s i n g  removes 
metals as a f u n c t i o n  o f  t h e  po re  s i z e .  

By s e p a r a t i n g  t h e  po rphyr ins  from t h e  nonporphyr ins ,  we have 
found t h e  po rphyr ins  p r o c e s s  t h e  easiest  under  the rma l  c o n d i t i o n s .  
T h i s  could  be  a r e s u l t  of t h e i r  i n t r i n s i c  r e a c t i v i t y ,  o r  merely a 
f u n c t i o n  o f  s i z e  o r  m a c r o s t r u c t u r e .  I t  i s  o u r  c o n t e n t i o n ,  t h e  
m a c r o s t r u c t u r e  is  rate c o n t r o l l i n g  f o r  a t  l e a s t  t h e  nonporphyrins .  
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FIGURE 1 

SEC-HPLC-ICP PROFILES FOR 
CALIFORNIA AR NO. 1 
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FIGURE 2 

CHANGES IN VANADIUM DISTRIBUTION FROM 
THERMAL TREATMENT OF CALIFORNIA AR NO, 1 
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FIGURE 3 

CHANGES IN VANADIUM DISTRIBUTION FROM 
THERMAL PROCESSING OF CALIFORNIA AR 

NO. 2 AT DIFFERENT REACTION TIMES 



FIGURE 4 

CHANGES IN VANADIUM DlSTRlEUTlON FROM 
FIXEDBED TREATMENT OF CALIFORNIA AR NO. 1 AT 

DIFFERENT RESIDENCE TIMES 
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FIGURE 5 
VANADIUM SIZE PROFILES OF CALIFORNIA AR NO. 1. 
454% to 677°C DISTILLATION CUT. 677"Ct RESIDUE 
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FIGURE 6 
CHANGE IN VANADIUM SIZE DISTRIBUTION OF THE 
454°C to 67PC DISTILLATION CUT OF CALIFORNIA 

AR NO. 1 UPON THERMALTREATMENT 
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EFFECT OF TRACE METALS ON FCC COKE Y I E L D  

Periaswamy Ramamoorthy 
Gulf Research and Development Company 

P. 0. Drawer 2038 
P i t t s b u r g h  Pa 15230 

An experimental  study i s  underway a t  t h e  Gulf Research 
Center i n  H a r m a N i l l e ,  Pennsylvania, aimed a t  d e f i n i n g  t h e  e f f e c t s  of 
trace meta ls  on t h e  regenera t ion  of f l u i d  c racking  c a t a l y s t s  f o r  r e s i d  
cracking a p p l i c a t i o n s .  A s  part of t h i s  s tudy a benchscale  experimental 
technique was developed f o r  coking t h e  FCC c a t a l y s t s  under well-mixed 
condi t ions.  Coke y i e l d  was found t o  c o r r e l a t e  well with t h e  type  of 
metal and its concent ra t ion .  

known Voorhies-type c o r r e l a t i o n  f o r  each metal: 

C = AT 

When c o n t a c t  t i m e  was v a r i e d  t h e  coke y i e l d  obeyed t h e  well- 

n 

where C is weight percent  carbon on t h e  c a t a l y s t ,  T is contac t  t ime i n  
minutes, A and n are cons tan ts .  The experimental  technique and r e s u l t s  
obtained f o r  n i c k e l ,  antimony, and n icke l  p a s s i v a t e d  wi th  antimony a r e  
discussed i n  t h i s  paper. 

w i t h  a d i p l e g  a s  shown i n  Figure 1. The shaker  bomb conta in ing  a known 
weight of c a t a l y s t  was placed i n  a f l u i d i s e d  sandbath and heated t o  a 
t y p i c a l  t empera ture  of 930 F under n i t rogen  purge. An o i l  feed  was 
added a t  a c o n s t a n t  r a t e  t o  t h e  c a t a l y s t  over  a per iod  of t i m e  requi red  
1 minute. The i n t e r n a l  c a t a l y s t  temperature was measured by a 
thermocouple placed a t  t h e  c e n t e r  of t h e  d ip leg .  , A t  t h e  end of run t h e  
shaker bomb was t r a n s f e r r e d  t o  another  f l u i d i s e d  s a n d b a t h  maintained a t  
room temperature. The c a t a l y s t  was t h e n  d ischarged  and its carbon 
content  determined. I n  a d d i t i o n  t o  carbon, t h e  coke was analysed f o r  
hydrogen, s u l f u r ,  and n i t rogen .  

w i t h  antimony are d iscussed  here. 
and i n  cnmhinpcl f c m ,  t o  a batch of an e q u i l i b r i m  c a t a l y s t  a t  f o u r  G ~ F  
c e n t  r a t i o n  l e v e l s .  

s teady  increase  i n  c o k e  y i e l d  with metal  conten t .  When antimony was 
added t o  p a s s i v a t e  n icke l  on c a t a l y s t  a reduct ion  i n  coke make of approxi- 
mately 40% was obta ined .  Typical reduct ion  of 50% is repor ted  f o r  
commercial un i t s .  

affect coke y i e l d ,  r e g a r d l e s s  of i ts concent ra t ion .  

t e d  i n  c o k e  y i e l d  lower than t h a t  p r e d i c t e d  by t h e  c o r r e l a t i o n  developed 

The a p p a r a t u s  used f o r  coking c o n s i s t e d  of a shaker bomb 

R e s u l t s  o b t a i n e d  f o r  n i c k e l ,  antimony, and n i c k e l  pass iva ted  
The m e t a l s  were added, s e p a r a t e l y  

C a t a l y s t s  conta in ing  f r e s h l y  depos i ted  n i c k e l  a lone  showed a 

C a t a l y s t s  conta in ing  f r e s h l y  depos i ted  antimony alone d id  not 

Coking runs  made on aged c a t a l y s t s  of high metal conten t  resul- 

446 



I\ 
i 
\ for  fresh-metals  c a t a l y s t s .  
f 

ACKNOWLEE EMENT 

\ The author wi shes  t o  thank Dr. A. S. Krishna of  Gulf Research 
and Development Company for  he lpfu l  d i s c u s s i o n s  during t h e  course of t h i s  
study.  

REFERENCE 

1- Voorhies,  Jr., A . ,  Ind. Eng. Chem., 3 7 ( 4 ) ,  318 (1945) 

Na PURGE 

I 
GAS OIL --+- 

I 

HERMOCOUPLE 

- -- GAS TO BLOWDOWN 

1- 
SHAKER REACTOR FOR COKING 

447 



THE INFLUENCE OF THE PETROLEUM RESIDUA AND 
CATALYST TYPE ON COPROCESSING 

C h r i s t i n e  Id. Cur t i s ,  Kan-Joe Tsai, 
and James A. Guin 

Chemical Engineering Department 
Auburn Un ive rs i t y ,  Alabama 36849 

I n t r o d u c t i o n  

The goal o f  coprocessing heavy petroleum crudes and res idua w i t h  coal i s  t o  
simultaneously upgrade bo th  ma te r ia l s  i n t o  h ighe r  q u a l i t y  l i q u i d  products. 
t h e  benef i ts  o f  coprocessing i s  t h a t  i t  o f f e r s  a b r i dge  between the  present 
petroleum-based technology and t h e  syn the t i c  f ue l s  coal -based technology o f  t h e  
fu ture,  Coal and pet ro leum res idua are both low va lue hydrocarbon resources, which 
through coprocessing can be transformed i n t o  h igher  q u a l i t y  and h igher  value 
syn the t i c  fue ls .  The nature o f  the s y n t h e t i c  f u e l  produced from coprocessing would 
be q u i t e  d i f f e r e n t  f rom t h a t  o f  conventional coal l i q u e f a c t i o n  us ing  a coal -der ived 
recyc le  stream. The h i g h l y  aromatic coal -der ived s y n t h e t i c  f u e l  would already be 
combined w i t h  ample q u a n t i t i e s  o f  h i g h l y  p a r a f f i n i c  ma te r ia l s ,  making t h e  product 
more s i m i l a r  t o  f u e l s  used today. I n  add i t i on ,  the presence of coal -der ived 
syn the t i c  f u e l  i n  t h e  coprocessing product would serve as an octane booster. 
Another advantage o f  coprocessing i s  t h e  e l i m i n a t i o n  o r  min imizat ion o f  the 
coal-derived recyc le  stream used i n  conventional coal l i q u e f a c t i o n  technology. 

A number o f  petroleum mate r ia l s  have been surveyed f o r  t h e i r  a b i l i t y  t o  so l va te  
coal and t o  p a r t i c i p a t e  i n  t h e  upgrading process. (1-4) 
subbituminous coals  have been success fu l l y  used i n  combined processing (5,6). Using 
c a t a l y t i c  hydrotreatment w i t h  small  p a r t i c l e  s i z e  ca ta l ys ts ,  coal conversion o f  
greater  than 80% have been achieved f o r  both bituminous and subbituminous coals  when 
us ing  petroleum solvents.(5) The i n t e r a c t i o n  between t h e  petroleum solvent  and the 
coal i s  complex. S y n e r g i s t i c  i n t e r a c t i o n s  may e x i s t  a t  d i f f e r e n t  concentrat ion 
l e v e l s  o f  coal and petroleum solvent. I n  t h i s  work the i n t e r a c t i o n  between the  
petroleum solvent  and coa l  a t  d i f f e r e n t  so lvent  t o  coal r a t i o s  i s  examined i n  terms 
of product y i e l d  and coal  conversion. The chemical composit ion o f  t h e  petroleum 
solvent  i s  s u b s t a n t i a l l y  d i f f e r e n t  from coal -der ived so lvents . ( l )  The e f f e c t  of 
improve-ment i n  the so l ven t ’ s  a b i l i t y  t o  donate hydrogen through the  a d d i t i o n  o f  
hydroaromatic compounds on t h e  f i n a l  product s l a t e  has been invest igated.  Because 
of t h e  complexity and d i v e r s i t y  o f  t h e  coal-petroleum system, c a t a l y s t  type may 
s t rong ly  in f luence one ma te r ia l  w h i l e  n o t  being p a r t i c u l a r l y  e f f e c t i v e  w i t h  t h e  
other. Examination of t h e  e f f e c t  o f  c a t a l y s t  type on t h e  upgrading o f  t he  petroleum 
p m i A  ,111 m 2nd 3; rnn”nrr r r i^ r  - - -  

--.-.IUIII lllv vupm vL.saal~gy c a r ~  :sad t o  c a t a l y s t s  t h a t  ar’e s p e c i f i c a l l y  t a i i o r e d  
f o r  enhancement of t h e  coprocessing product s la te .  I n  add i t i on ,  t he  coprocessing 
product may be enhanced through a combination o f  a f i r s t  stage reac t i on  us ing  a 
minera l  a d d i t i v e  and a second stage w i t h  a commercial hydrogenation ca ta l ys t .  This 
concept i s  explored i n  t h i s  work. 

Among 

Both bituminous and 

Experimental 

Ma te r ia l s  and Feedstocks 

Were supplied by C i t i e s  Serv ice Research and Development Company. The s p e c i f i c  
petroleum mate r ia l s  used were Maya topper  l ong  r e s i d  (TLR) and West Texas vacuum 
shor t  res id  (VSR).  A b i tuminous I l l i n o i s  #6 coal ,  suppl ied by W i l s o n v i l l e  Advanced 

The so lvents  used i n  t h i s  study were heavy petroleum crudes and res idua which 
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Coal L ique fac t i on  Research and Development F a c i l i t y ,  was used as t h e  coal  teedstock. 
The elemental analyses of  these feedstocks are given i n  Table 1. The c a t a l y s t s  used 
i n  these react ions were minera log ica l  p y r i t e  ground t o  -200 mesh and powdered 
p resu l f i ded  Shel l  324 NiMo/A1203 t h a t  was obtained by g r i n d i n g  1/16 i n c h  p r e s u l f i d e d  
extrudates. For t he  hydrogen donor a d d i t i o n  experiments, t e t r a l i n ,  
1.2.3.4-tetrahydroquinol i n e  (THQ) and 9.10-dihydrophenanthrene (DHP) were obta ined 
from Aldr ich.  

Equipment 

The combined processing react ions were conducted i n  s t a i n l e s s  s t e e l  
micro-reactors  which have been descr ibed i n  a previous work (7) .  
volume o f  50 cc which was charged w i t h  a l i q u i d / s o l i d  s l u r r y  of 9 g and a hydrogen 
pressure o f  1250 p s i g  a t  ambient temperature a t  100% excess hydrogen f o r  t h e  
combined processing react ions.  A 69 charge was used f o r  t he  petroleum upgrading 
experiments. The pressure o f  1250 p s i g  a t  ambient temperature corresponds t o  
approximately 2950 p s i g  a t  reac t i on  temperature ca l cu la ted  by means o f  t h e  i d e a l  gas 
law and igno r ing  any s o l u b i l i t y  o f  t he  hydrogen. 
t h e  o r i g i n a l  charge was obtained from t h e  coprocessing reactions. 

The reac to r  has a 

A recovery o f  greater  than 97% o f  

Experimental Procedures 

A ser ies o f  experiments were performed us ing  I l l i n o i s  #6 coal and West Texas 
VSR i n  which t h e  so lvent  t o  coal r a t i o  was va r ied  from 1 O : l  t o  1:4. The percentage 
coal  present i n  these reac t i ons  ranged from 9.1% t o  80%. For comparison, reac t i ons  
were a l so  performed i n  which no coal was present and i n  which no so l ven t  was 
present. The reac t i on  products were analyzed by a so lvent  e x t r a c t i o n  procedure i n  
which the  reac t i on  products were sequen t ia l l y  ex t rac ted  w i t h  pentane, benzene, and 
methylene chloride/methanol. 
so lub le;  asphaltenes, pentane inso lub le ,  benzene so lub le;  preasphaltenes, benzene 
inso lub le ,  methylene chloride/methanol so lub le;  and i n s o l u b l e  organic  ma t te r  (IOM), 
methylene chloride/methanol i nso lub le .  Analyses performed on the  products o f  t h e  
coprocessing reac t i ons  were: 
Canon-Manning c a p i l l a r y  viscometer, (2)  s p e c i f i c  g r a v i t y  a t  6OoF accord ing t o  ASTM 
D-70 and ASTM D-287, and (3 )  Conradson Carbon according t o  ASTM 0-189. 

performed a t  425OC. i n  a N2 or H2 atmosphere, f o r  30 minutes. 
reac to r  was 3 grams o f  I l l i n o i s  #6 coal and 6 grams o f  t o t a l  so lvent .  The so lvent  
was composed o f  0.3 g, 1.1 g or 3.0 g o f  hydroaromatic compound w i t h  5.7 g, 4.9 g or 
3.0 g o f  Maya TLR, respec t i ve l y .  The pressure of N2 charged t o  the  r e a c t o r  was 300 
p s i g  and o f  H2 was 1250 psig. 

p r e s u l f i d e d  1/16" ext rudates were used t o  determine t h e  e f f e c t  of c a t a l y s t  t ype  on 
t h e  upgrading o f  West Texas VSR and on coprocessing o f  I l l i n o i s  #6 coal w i t h  West 
Texas VSR and Maya TLR. The reac t i ons  were preformed a t  425'C. 30 minutes, w i t h  6 g 
o f  petroleum solvent ,  3 g o f  coal and 1 g o f  ca ta l ys t .  

1250 p s i g  H2 charge, and 2 grams o f  ca ta l ys t .  
NiMo/Al& and H2S which was generated i n  s i t u  from the  reac t i on  o f  carbon d i s u l f i d e  
w i t h  hydrogen. 

The products obtained were def ined as o i l ,  pentane 

(1) v i s c o s i t y  a t  6OoC according t o  ASTM D-2171 us ing a 

The coprocs,sing reac t i ons  w i t h  t h e  a d d i t i o n  o f  hydroaromatic so l ven ts  were 
The charge t o  the 

Minera log ica l  p y r i t e  and small p a r t i c l e  s i z e  NiMo/AlzOj, ground from 

The reac t i on  cond i t i ons  f o r  s i n g l e  stage processing were 60 minutes, 425'C. 
The c a t a l y s t s  used were p y r i t e ,  
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The two stage experiments were performed as two sequent ia l  30 minute reac t ions  
a t  425OC. 1250 ps i9  H2 charge, 9 grams o f  petroleum/coal s l u r r y  and 1 gram o f  
c a t a l y s t  i n  each stage. 
reac to r  was then opened and t h e  second stage c a t a l y s t  was added. 

ca l cu la ted  through t h e  a d d i t i o n  o f  t h e  gases produced dur ing  each stage. 
stage mineral c a t a l y s t  was no t  removed and was present i n  the  second stage 
react ions.  
FeS2 i s  assumed t o  r e a c t  completely t o  form FeS. 

I 

The gas weight was determined a f t e r  t he  f i r s t  stage; t he  
A f t e r  

r e p r e s s u r i z i n g  w i t h  hydrogen, a second reac t i on  was performed. The t o t a l  gases were / 
The f i r s t  

For the  c a l c u l a t i o n s  of t h e  f i n a l  amount Of reacted FeS2 remaining, the 

Resul ts and Discussion 

To t a i l o r  t h e  c o a l - r e s i d  system f o r  maximal y i e l d s  o f  h igh  q u a l i t y  l i q u i d  
products, the  i n f l uence  of t h e  petroleum solvent on the  products obtained from 
coprocessing must be known. A d d i t i o n  o f  add i t i ves  such as hydrogen donors may 
enhance t h e  des i red  product y i e l d .  
c a t a l y s t  se lec t i on  becomes more complex, f o r  a p a r t i c u l a r  c a t a l y s t  may ca ta lyze  
reac t ions  o f  one o f  t h e  m a t e r i a l s  much more s t rong ly  than t h e  other. 
c a t a l y s t  types may prove feas ib le  t o  achieve the  many d i v e r s e  reac t ions  needed t o  
achieve h igh  coal conversion and h igh  y i e l d s  o f  l i q u i d  product simultaneously. 

With two complex and d i v e r s e  m a t e r i a l s  present,  

Combination o f  

The E f f e c t  o f  Solvent t o  Coal Rat io  on Coprocessing 

One o f  t h e  advantages o f  coprocessing i s  the  e l im ina t i on  o r  min imiza t ion  o f  the 
coal-der ived recyc le  stream needed i n  convent ional  coal l i q u e f a c t i o n  technology. I n  
convent ional  l i q u e f a c t i o n  t h e  so lvent  t o  coal r a t i o  usua l l y  ranges from 1:l t o  3 : l  
w i t h  the r a t i o  being dependent on t h e  ma te r ia l s  used and the  o p e r a b i l i t y  and range 
o f  t he  mechanical equipment. I n  coprocessing, a l i m i t a t i o n  on the  so lvent  t o  coal 
r a t i o  w i l l  s t i l l  e x i s t  due t o  physical  cons t ra in ts .  I n  t h i s  study, however, we 
inves t i ga ted  a wide range o f  solvent t o  coal r a t i o s  t o  observe t h e  e f f e c t  o f  the  
so lvent  concent ra t ion  on the  f i n a l  product d i s t r i b u t i o n s  obtained. A t  low so lvent  
t o  coal  r a t i o s ,  t he  mass t r a n s f e r  o f  t he  hydrogen t o  the  coal  may be i nh ib i t ed .  
h igh  solvent t o  coal  r a t i o s ,  t h e  coal  may serve as an extender or  enhancer t o  t h e  
petroleum mater ia l ,  by s y n e r g i s t i c a l l y  promoting the  upgrading o f  t he  petroleum 
mater ia l .  

A t  

The range of s o l v e n t  t o  coal  r a t i o s  examined was ' l 0 : l  t o  1:4. The reac t ions  
were performed a t  t h e  coprocessing c o n d i t i o n s  given i n  t h e  Experimental sect ion.  
these experiments, t h e  r e a c t o r  l i q u i d  p lus  s o l i d  load ing  was kept constant so t h a t  
n ine  (9) grams o f  petroleum-coal s l u r r y  was in t roduced each time. The amount of 
c a t a l y s t  used i n  each r e a c t i o n  remained constant a t  one gram. 
percentage so lvent  and coal  changed i n  each react ion,  experimental r e s u l t s  must be 
expressed independent ly o f  t h e  amounts o f  petroleum so lvent  and coal .  The hydrogen 
consumption and coal conversion can be used d i r e c t l y .  The amount o f  mater ia l  
upgraded t o  o i l  can a l s o  be determined independently o f  t he  system by d e f i n i n g  i t  as 
o i l  product ion which i s  t he  grams o f  o i l  produced ( f i n a l  o i l - i n i t i a l  o i l )  d i v ided  by 
amount of  t he  upgradable mater ia l .  The upgradable ma te r ia l  i s  composed o f  maf coal 
and t h e  nonpentane s o l u b l e  f r a c t i o n  o f  t h e  solvent.  

As t h e  percentage o f  coal  increased from 9.1% t o  50%. coal  conversion increased 
from 42.6% t o  87.2% as presented i n  F igure  1. A t  i nc reas ing l y  h igher  l e v e l s  o f  
coal, the amount o f  coal  conversion s t e a d i l y  decreased. When no so lvent  was 
present,  a coal  conversion o f  33% was obtained. Hydrogen consumption, shown i n  
F i g u r e  2, fo l lowed t h e  same trend, g i v i n g  a maximum a t  50% coal  loading. The 
percent o i l  p roduc t ion  achieved a t  coal  percentages o f  25% t o  50% was constant a t  

I n  

Since bo th  t h e  
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-33% as shown i n  F igure 3. A s i m i l a r  va lue o f  28% o i l  product ion was obta ined a t  
9.1% coal loading. A t  h igher  coal  loading,  t h e  percent o i l  product ion decreased 
rap id l y ,  f a l l i n g  t o  -15% a t  80 and 100% coal loading. 

The complexity o f  t he  coprocessing reac t i on  system and the  many reac t i ons  which 
occur simultaneously make i t  d i f f i c u l t  t o  asce r ta in  the  reasons f o r  t he  behavior 
observed as the so lvent  t o  coal r a t i o  was varied. The i n t e r r e l a t i o n - s h i p  among coal 
conversion, o i l  product ion and hydrogen consumption i s  evident. Hydrogen 
consumption i s  d i r e c t l y  r e l a t e d  t o  t h e  amount o f  coal conversion achieved and t h e  
amount o f  o i l  product ion observed. The behaviors o f  coal conversion and o i l  
product ion as a f u n c t i o n  o f  t h e  increased weight percentage o f  coal i n  t h e  react ions 
a r e  more d i f f i c u l t  t o  expla in .  

Numerous f a c t o r s  may be i n f l u e n c i n g  these behaviors and causing i n t e r a c t i v e  
e f f e c t s .  
of t he  coal and so lvent  blends, composit ional e f f e c t  o f  t he  b lend o f  l i q u e f i e d  
ma te r ia l s ,  c a t a l y s t  po isoning and deac t i va t i on  and s o l v o l y s i s  o f  t h e  d i s s o l v i n g  coal 
m a t r i x  by the  l i q u i d  phase present. Since i n  coprocessing, t he  molecular  
composit ion va r ies  r a t h e r  d ramat i ca l l y  from h igh  so l ven t  t o  coal r a t i o s  t o  low 
so lvent  t o  coal r a t i o s ,  s o l v o l y s i s  o f  t h e  d i s s o l v i n g  coal  m a t r i x  by the  l i q u i d  
present i n  the  reac to r  may be an impor tant  f a c t o r  i n  t h e  observed behavior  o f  coal 
conversion and o i l  production. The 50% blend o f  coal t o  petroleum so lven t  may 
prov ide a good coal d i s s o l v i n g  so lvent .  Mass t r a n s f e r  of H2 t o  t h e  d i s s o l v i n g  coal 
m a t r i x  i s  most l i k e l y  b e t t e r  achieved when a h ighe r  p ropor t i on  o f  so l ven t  i s  
present. Therefore, t h e  h igher  y i e l d s  o f  o i l  and o f  coal conversion achieved a t  
h ighe r  so lvent  t o  coal r a t i o s  compared t o  the lower r a t i o s  may be due t o  the  
increased a v a i l a b i l i t y  o f  hydrogen t o  t h e  coal. The d e c l i n e  a t  h igh  coal loadings 
may be due t o  mass t r a n s f e r  l i m i t a t i o n s  On H2. I n  t h i s  system, however, i t  must be 
remembered t h a t  t h e  coal t o  c a t a l y s t  r a t i o  increased as the coal l oad ing  increased; 
o r  s ta ted  i n  another manner, t h e  c a t a l y s t  loading remained constant as t h e  percent 
coal i n  the  reac t i on  increased. The dec l i ne  i n  coal conversion and o i l  product ion 
may be due t o  c a t a l y s t  deac t i va t i on  and rap id  l o s s  o f  a c t i v i t y  i n  t h e  concentrated 
coal  matr ix .  As s ta ted  e a r l i e r ,  t he  exact reasons f o r  t h e  behavior observed can not 
be pinpointed. One poss ib le  r a t i o n a l e  i s  t h a t  several d i f f e r e n t  mechanisms are 
occu r r i ng  and t h a t  d i f f e r e n t  mechanisms are dominant a t  d i f f e r e n t  coal 
concentrat ions. 

Analyses o f  some o f  t he  phys ica l  p roper t i es  of coprocessing r e a c t i o n  products 
have been performed and are compared t o  t h e  o r i g i n a l  coprocessing so lvent ,  West 
Texas VSR, and hydrot reated West Texas VSR i n  Table 2.  Products obta ined from 
reac t i ons  us ing a 1 O : l  so lvent  t o  coal r a t i o  and a 2 : l  so lvent  t o  coal r a t i o  were 
examined. The phys ica l  p roper t i es  evaluated were v i scos i t y ,  degrees A P I  g r a v i t y ,  
s p e c i f i c  g r a v i t y  and Conradson Carbon. 
v i s c o s i t y  o f  the r e s i d  a t  60' C decreased from 324.8 t o  1.07 poise; Conradson Carbon 
decreased by almost h a l f  and 'AP I  g r a v i t y  almost doubled. The v i s c o s i t i e s  o f  t he  
ma te r ia l s  obtained from coprocessing have much lower v i s c o s i t i e s  than t h e  o r i g i n a l  
residuum. I n  the  coprocessing reac t i on  w i t h  a 10 t o  1 so lven t  t o  coal r a t i o  t h e  
v i s c o s i t y  was reduced t o  0.363 poise and t h e  Conradson Carbon was lowered t o  13.49. 
The presence of t h e  coal  may be producing synergy i n  t h a t  t h e  v i s c o s i t y  was reduced 
t o  l ess  than t h a t  o f  West Texas VSR hydrot reated i n  the  presence o f  NiMo/A1203 b u t  
i n  the  absence o f  coal. Increased coal concentrat ion r e s u l t e d  i n  an increase i n  the 
v i s c o s i t y  t o  22.7 po ise and an increase i n  Conradson Carbon t o  17.78. 

\ 

Some o f  t he  f a c t o r s  i nvo l ved  may be mass t r a n s f e r  e f fec ts ,  concen t ra t i on  

I n  t h e  hydrotreatment o f  West Tesas VSR the 

Ef fect  o f  Hydrogen Donor Add i t i on  on Coprocessiny 

Recent s tud ies  have shown t h e  importance o f  hydrogen donors and t r a n s f e r  agents 
i n  the d i s s o l u t i o n  Of coal (8-11). The r o l e  and importance of hydrogen t r a n s f e r  i n  
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coprocessing a re  i n v e s t i g a t e d  here in  by studying t h e  e f f e c t  o f  t he  add i t i on  o f  
hydrogen donor compounds such as t e t r a l i n ,  1,2,3,4-tetrahydroquinoline (THQ) and 
9,10-dihydrophenanthrene (DHP) t o  t h e  petroleum so lvent  used i n  coprocessiny. 
these coprocessing reac t ions ,  t he  coprocessing so lvent  was Maya TLR and the  coal  was 
I l l i n o i s  #6. Three l e v e l s  o f  donable hydroyen have been studied, 0.15%. 0.55% and 
1.5% i n  N2 and H2 atmospheres. 
coal conversion ob ta ined from coprocessing reac t ions  i s  presented i n  Table 3. 
coprocessing reac t i ons  i n  which t e t r a l i n  was added, bo th  coal conversion and o i l  
product ion increased when comparing N2 t o  H2 atmospheres f o r  equ iva len t  donable 
hydrogen add i t ion .  However, a t  t he  0.15% t e t r a l i n  a d d i t i o n  l e v e l  i n  t h e  H2 
atmosphere, t h e  product s l a t e  was very s i m i l a r  t o  t h a t  obtained i n  H2 us ing  only Maya 
TLR. The e f f e c t  o f  a H2,atmosphere on coal conversion was dramatic, i n c r e a s i n g  coal 
conversion from 19.6% i n  N2 t o  58.9% i n  H2 a t  t he  lowest donor hydrogen add i t i on  
l eve l .  When 1.5% donable hydrogen was present i n  the  t e t r a l i n  MayalTLR system, coal 
conversion i n  N2 was 62.1% which was e s s e n t i a l l y  equ iva len t  t o  the  coal conversion 
obtained w i th  0.15% donable hydrogen i n  a H2 atmosphere. I n  these reac t ions ,  i t  
appears t h a t  t h e  form that t h e  hydrogen i s  i n ,  whether molecular hydrogen o r  donable 
hydrogen from hydroaromat ic compounds, i s  no t  c r i t i c a l .  The necessary c r i t e r i o n  f o r  
coal conversion t o  be achieved i s  f o r  t h e  hydrogen t o  be present i n  a form which can 
be u t i l i z e d  by the  coa l .  The use of a Hp atmosphere t o  the  t e t r a l i n l n a y a  TLR system 
w i t h  1.5% donable hydrogen f u r t h e r  aided i n  coal  conversion, i n d i c a t i n g  t h a t  a 
hydrogen de f i c iency  e x i s t e d  i n  the  N2 atmosphere even when a s i g n i f i c a n t  amount o f  
t e t r a l  i n  was present. 

t he  THQIMaya TLR system was dramatic. 
increased from 23.2% i n  Ne t o  58.0% i n  H2. 
THQ/Maya TLR system a t  t he  h ighes t  donable hydrogen l e v e l  was i n s e n s i t i v e  t o  
atmosphere. 
The amount o f  pentane s o l u b l e  mater ia ls  produced was t h e  same i n  Ne regardless o f  the 
amount o f  donable hydrogen. I n  H2, on ly  a small increase i n  pentane so lub les  was 
observed by i n c r e a s i n g  the  amount o f  donable hydrogen f r o m  0.15% t o  1.5%. 

t o  t h e  0.15% t e t r a l i n  system. A poss ib le  reason f o r  t h e  increased o i l  product ion i s  
t he  a v a i l a b i l i t y  of more hydrogen t o  t h e  d i s s o l v i n g  coal  m a t r i x  r e s u l t i n g  i n  an 
increased amount of hydrogenat ion o c c u r r i n g  and the  produc t ion  o f  hydrogenated 
products s o l u b l e  i n  pentane. 
of t h e  hydroaromatic may a l so  be p a r t i a l l y  respons ib le  f o r  t he  observed change i n  
percent o i l  product ion.  F u r t h e r  e luc ida t i on  o f  t he  r o l e  o f  hydrogen donor compounds 
i n  coprocessing was sought by comparing the  e f f e c t  o f  DHP on t h e  product s l a t e  t o  
t h a t  of t e t r a l i n  and THQ. The choice of DHP was based upon i t s  comparable a b i l i t y  t o  
convert  coal as THQ (12) and upon t h e  fac t  t h a t  it i s  a hydrocarbon w i t h o u t  any o f  
t h e  de t r imenta l  charac t .e r is t i cs  genera l l y  associated w i t h  n i t rogen  conta in ing  
hydroaromatics. When compared a t  a 0.55% donable hydrogen leve l ,  DHP converted more 
coal t o  s o l u b l e  m a t e r i a l  than THQ and y i e l d e d  a h igher  percent o i l  p roduc t ion  than 
d i d  t e t r a l  in.  

I n  

The e f f e c t  o f  these add i t i ons  on o i l  p roduc t ion  and 
I n  the 

As i n  the  t e t r a l i n  system, the  e f fec t  of t he  H2 compared t o  the  N2 atmosphere on 
A t  0.15% donable hydrogen, coal conversion 

I n  cont ras t ,  coal conversion i n  t h e  

In  Ne, 89.0% coal  conversion was observed wh i le  i n  Hp, 90.4%, was seen. 

O i l  p roduc t ion  increased i n  the  1.5% donable hydrogen t e t r a l i n  system compared 

The change i n  so lvent  composi t ion due t o  t h e  presence 

Comparing the  low l e v e l s  o f  donable hydrogen us ing  t e t r a l i n  and THQ showed 
remarkably s i m i l a r  product d i s t r i b u t i o n s  i n  bo th  H2 and N2 atmospheres. 
i s  observed, however, when comparing these two a t  t he  h ighes t  donor l eve l .  
markedly lower amount o f  pentane so lub le  mater ia l  was produced than i n  t e t r a l i n .  
percent o i l  p roduc t ion  i n  t h e  1.5% donable hydrogen system i n  N2 was -30.7% i n  THQ 
and 15.9% i n  t e t r a l i n ;  l i kewise ,  i n  H2 t h e  values were 4.0% i n  THQ and 25.0% i n  
t e t r a l i n .  
t h a t  f r o m  t e t r a l i n .  

A con t ras t  
I n  THQ, a 

The 

The product s l a t e  obtained from THQ contained many more asphaltenes than 
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These r e s u l t s  are i n  agreement w i t h  those observed i n  coal l i q u e f a c t i o n  where 
hydroaromatics having a n i t r o g e n  f u n c t i o n a l i t y  r e a d i l y  d i sso l ve  coal. The reasons 
f o r  t h e i r  e f fec t i veness  r e s u l t e d  from t h e i r  a b i l i t y  t o  penetrate and swell  coal and 
t h e i r  a b i l i t y  t o  t rans fe r  hydrogen. These good features o f  t h e  n i t r o g e n  con ta in ing  
compounds were, however, overr idden by t h e i r  propensi ty  t o  form adducts w i t h  
themselves and w i t h  coal -der ived mater ia ls .  This adduct format ion has been 
extens ive ly  s tud ied by Cronauer (13). The adduct format ion i s  r e a d i l y  apparent i n  
t h e  increased l e v e l s  o f  asphaltenes observed du r ing  the  coprocessing reac t i on  
con ta in ing  THQ. 

Ef fect  o f  Cata lyst  Type on Coprocess i lg  

The e f f e c t  o f  c a t a l y s t  t ype  on the  coprocessing o f  heavy crudes and res idua w i th  
coal  has been inves t i ga ted  us ing  a minera log ica l  p y r i t e  and a small  p a r t i c l e  s i z e  
NiMo on u-Al203. Both o f  these c a t a l y s t s  were used t o  study t h e i r  e f f e c t  on 
upgrading res idua and on the  product s l a t e  from coprocessing. I n  t h e  r e s i d  upgrading 
experiments, West Texas VSR was ?sed; i n  the  coprocessing reac t i ons  bo th  West Texas 
VSR and Maya TLR were used. 
compared among the  thermal react ion,  the reac t i on  con ta in ing  p y r i t e  and t h e  reac t i on  
w i t h  small p a r t i c l e  s i z e  NiMo/A1203 ca ta l ys t .  The o r i g i n a l  s o l u b i l i t y  d i s t r i b u t i o n  
obta ined p r i o r  t o  reac t i on  i s  g iven as a reference. 
Texas VSR, the  thermal reac t i on  produced gases and IOM, l o s t  o i l ,  and increased 
s l i g h t l y  the amount o f  asphaltenes present. 
asphaltenes were v i r t u a l l y  e l im ina ted  from the  residuum, producing p r i m a r i l y  pentane 
so lub le o i l .  I n  
con t ras t ,  the presence of a small  p a r t i c l e  s i z e  NiMo/A120g c a t a l y s t  d i d  no t  change 
t h e  o i l  f r a c t i o n  but  d i d  reduce t h e  asphaltene f r a c t i o n  by 4 0 %  producing gas, 
preasphaltenes and I O M  i n  almost equal amounts. 

The ef fect  of P y r i t e  and NiMo/A1203 a d d i t i o n  on t h e  products obta ined from 
coprocessing are presented i n  Table 5. 
West Texas VSR: (1) thermal r e a c t i o n  (2)  two react ions w i t h  p y r i t e  and (3) reac t i on  
us ing  small p a r t i c l e  s i z e  NiMo/Al20g. The cond i t i ons  f o r  a l l  t h e  reac t i ons  were the 
same; bo th  p y r i t e  and NiMo/Al203 were in t roduced a t  the same gram l e v e l .  The p y r i t e  
reac t i on  produced the  most coal conversion. 87.6%, compared t o  79.3% f o r  t he  
NiMo/Al203 and 55.0% fo r  t he  thermal react ion.  
amount produced by the  p y r i t e  r e a c t i o n  f e l l  between t h a t  obtained by t h e  thermal 
reac t i on  and by the  commercial ca ta l ys t .  Due t o  the  e f f e c t  observed on the  residuum 
alone, pretreatment o f  the so l ven t  w i t h  p y r i t e  and hydrogen p r i o r  t o  us ing  as a 
coprocessing so lvent  was thought t o  be poss ib l y  b e n e f i c i a l  i n  improving t h e  e n t i r e  
product s la te.  However, comparison of t h e  product s l a t e  us ing the  hydrot reated West 
Texas VSR t o  t h a t  obtained us ing  t h e  o r i g i n a l  showed l i t t l e  improvement t h a t  could be 
a t t r i b u t e d  t o  hydrotreatment. One poss ib le  explanat ion f o r  t h i s  behavior i s  t h a t  the 
primary e f f e c t  o f  the p y r i t e  i s  i n  the  upgrading o f  the residuum-asphaltenes t o  
pentane so lub les and t h a t  t h e  reac t i on  producing pentane so lub les from coal i s  no t  
s u b s t a n t i a l l y  a f f e c t e d  by t h e  presence o f  p y r i t e .  Thus, the m a j o r i t y  o f  t h e  pentane 
so lub les produced from the  coprocessing reac t i on  us ing the  o r i g i n a l  West Texas VSR 
was produced most probably from t h e  residuum and not  from coal. 
pretreatment case, most o f  t he  upgrading o f  t he  residuum had ccurred p r i o r  t o  t h e  
coprocessing reac t i on  l eav ing  l i t t l e  m t e r i a l  from the residuum f o r  f u r t h e r  
upgrading. Consequently, l i t t l e  change i n  the  product s l a t e  was observed between the  
o r i g i n a l  and hydrot reated ma te r ia l .  When p y r i t e  was used i n  coprocessing experiments 
us ing  Maya TLR, s i m i l a r  r e s u l t s  were obtained. 

I n  Table 4, upgrading react ions o f  West Texas VSR are 

Compared t o  t h e  o r i g i n a l  West 

When p y r i t e  was added as a c a t a l y s t ,  the 

Small amounts o f  gases, preasphaltenes and I O M  were a l s o  produced. 

Four d i f f e r e n t  react ions a re  compared w i t h  

I n  terms o f  pentane so lub le  o i l s ,  the 

I n  t h e  hydrogen 
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S i n g l e  Stage and Two Stage' Coprocessing Reactions 

Two stage processing us ing  sequent ia l  and poss ib ly  d i f f e r e n t  ca ta l ys ts  i n  t h e  
f i r s t  and second stages may produce a more favorab le  product s l a t e  from coprocessing 
as we l l  as a more e f f i c i e n t  use o f  hydrogen. Two se ts  o f  experiments were performed 
t o  i nves t i ga te  the  e f f e c t s  o f  two stage processing and sequent ia l  c a t a l y t i c  
t reatment on coprocessing. One was a ser ies  o f  one hour reac t ions  i n  which p y r i t e ,  
NiMo/A1203 and H2S were used i n d i v i d u a l l y  as ca ta l ys ts  and i n  combination. 
r e s u l t s  are given i n  Table 6. I n  t h e  second se t  two stage experiments were run f o r  
a t o t a l  o f  one hour bu t  a f t e r  t h e  f i r s t  ha l f  hour the  gases were vented, a new 
c a t a l y s t  was added, and f r e s h  hydrogen was charged. The c a t a l y s t  charge a t  t he  end 
o f  both reac t ions  was 2 grams. 

These 

The s ing le  stage one hour reac t ions  showed s i m i l a r  r e s u l t s  t o  t h a t  observed 
prev ious ly .  
h ighes t  coal conversion; however, t he  conversions observed from She1 1 324 NiMo/Al203 
were a lso  both above 80%. The percent o i l  p roduc t ion  observed i s  given below f o r  
t h e  reac t ions  c o n t a i n i n g  the  d i f f e r e n t  c a t a l y s t  

The coprocessing reac t i on  us ing  p y r i t e  c a t a l y s t  again produced the  

NiMo/A1203 > P y r i t e  + NiMo/AlzOj > P y r i t e  > H2S > Thermal 1) 

The small p a r t i c l e  s i z e  NiMo/A1203 i s  by f a r  t he  most e f f e c t i v e  c a t a l y s t  i n  
producing pentane so lub le  o i l .  

To t e s t  t he  hypothesis t h a t  H2S was the  c a t a l y t i c  agent ra the r  FeS2 i n  the  
reac t ions  us ing  t h e  p y r i t e  ca ta l ys t ,  CS2 which r e a d i l y  reac ts  w i t h  H2 t o  form H2S 
was added t o  the  reac t ion .  The amount of CS2 added was equ iva len t  t o  t h a t  needed t o  
produce the  same amount of H2S as would be generated from FeS2. 
cond i t ions ,  the  product s l a t e  obtained d i d  no t  vary s i g n i f i c a n t l y  from t h e  thermal 
reac t ion .  This r e s u l t  suggests then t h a t  t he  important c a t a l y s t  i n  the  reac t ions  
u s i n g  p y r i t e  i s  t h e  p y r i t e  i t s e l f  o r  i t s  reduced form, not t he  evolved H ~ s .  

t h e  f i r s t  stage and thermal f o r  t h e  second stage; p y r i t e  i n  both stages; then p y r i t e  
i n  the  f i r s t  stage w i t h  N i M o / A l m  i n  t h e  second stage and NiMo/A1203 i n  both 
stages. The h ighes t  amount o f  coal  conversion achieved, 92.2%, occurred i n  the  
experiments us ing  p y r i t e  i n  bo th  stages. The pyr i te lNiMolA1203 and NiMo/A1203/ 
NiMo/Al203 reac t ions  a l s o  produced h igh  coal conversions, 85.9% and 84.1%. 
respec t ive ly .  
o rder  as d i d  the  s i n g l e  stage experiments. The reac t i on  w i t h  NiMo/Al203 i n  both 
stages produced t h e  most o i l  w h i l e  t h e  combination o f  p y r i  te/NiMo/A1203 was second. 

Under these 

I n  two stage processing, f ou r  se ts  o f  experiments were performed: thermal f o r  

The o i l  p roduc t ion  from t h e  two stage coprocessing showed t h e  same 

Summary and Conclusions. 

product d i s t r i b u t i o n ,  o i l  p roduc t ion  and coal conversion. The h ighes t  coal  
conversion occurred a t  a 50% coal concent ra t ion  l eve l  and maximal o i l  p roduc t ion  was 
achieved a t  30 t o  50% coal  concentrat ion.  When reacted i n  a hydrogen atmosphere, 
t h e  add i t i on  o f  hydrogen donor compounds t o  the  coprocessing so lvent  d e f i n i t e l y  
in f luenced the  products from coprocessing. A t  equ iva len t  donable hydrogen leve ls ,  
DHP produced the  h i g h e s t  coal conversion and o i l  production. A t  and above the  0.55% 
donable hydrogen l e v e l ,  THQ was very e f f e c t i v e  i n  conver t ing  coal  bu t  was 
de t r imenta l  t o  o i l  product ion.  
heteroatoms appear t o  be more e f f e c t i v e  i n  producing oil  than t h e  n i t rogen  
conta in ing  hydroaromatics. 

In coprocessing, t h e  so lvent  t o  coal  r a t i o  has a d e f i n i t e  i n f l uence  on t h e  

I n  general, t he  hydrogen donor compounds w i thout  
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The c a t a l y s t  t ype  i s  impor tant  i n  coprocessing s ince d i f f e r e n t  c a t a l y s t s  
i n f l u e n c e  d i f f e r e n t  react ions i n  t h e  two mater ia ls .  P y r i t e  a f f e c t e d  t h e  upgrading 
o f  t he  res id ium by promoting the  conversion o f  petroleum asphaltenes i n t o  o i l .  I n  
coprocessing, the notable e f f e c t  o f  p y r i t e  was the  reduct ion o f  t h e  I O M  l e v e l s  and 
consequent increase i n  coal conversion. Compared t o  the  thermal react ion,  p y r i t e  
was e f f e c t i v e  i n  i nc reas ing  the  o i l  product ion i n  coprocessing. The small  p a r t i c l e  
s i z e  NiMo/Al203 ca ta l ys t ,  however, was s t i l l  more e f f e c t i v e  i n  hydrogenating the 
d i s s o l v i n g  coal m a t r i x  and producing pentane so lub le  o i l .  I n  two s tage processing, 
t h e  combination o f  p y r i t e  i n  the  f i r s t  s tage and NiMo/A1203 i n  the  second produced a 
much improved product s l a t e  compared t o  thermal processing. The h ighes t  o i l  
product ion and coal conversion were, however, s t i l l  achieved by us ing N i M o / A l & j  i n  
bo th  stages. 
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Table 1 
Analys is  o f  Petroleum Solvents 

S t a r t i n g  Ma te r ia l s  O i l  Asphaltenes C H N S  0 Ash 
by  

d i f f e r e n c e  

I l l i n o i s  #6 Coal 68.4 4.4 1.4 3.2 12.0 10.6 
Maya TLR 79.5 20.5 85.3 10.8 0.51 4.19 0.082 
West Texas VSR 86.2 13.8 86.1 10.4 0.44 3.33 0.012 
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Table 2 

Gravi ty,  Carbon 

West Texas VSR 324.8 7.9 1.015 16.4 
Product from 0.363 13.39 0.9766 13.49 

6OoC 

1 O : l  West Texas 
VSR t o  Coal 
Coprocessi ng 
Reaction 

West Texas VSR 
t o  Coal 
Coprocessing 
React ion 

Texas VSR 

Product from 2: l  22.1 7.1 1.021 17.78 

Hydrotreated West 1.07 15.9 0.96 9.34 

Table 3 

H2 N2 H2 N2 

Maya TLR 11.8 -11.6 60.0 24.1 
0.15% Oonable Hydrogen Added 

T e t r a l i n  11.2 - 9.2 58.9 19.6 
THQ 6.7 -12.3 58.0 23.2 

0.55% Oonable Hydrogen Added 
Tet ra l  i n  10.5 0.7 58.8 39.3 
THQ 2.5 -11.4 75.4 52.7 
9.10-DHP 17.5 4.6 81.0 58.8 

Tet ra l  i n  25.0 15.9 81.0 62.1 
THQ 4.0 -30.7 90.4 89.0 

1.5% Donabl e Hydrogen Added 

Table 4 
r d i n q  o f  Wes- 

Cata lys t  
Coal 

West Texas West Texas West Texas West Texas 

NA None P y r i t e  N i  Mo/A12O3 
NA None None None 

VSR Or i s ina l  VSR VSR VSR 

Gas 0.0 3.5 1.9 3.9 
O i  1 86.2 79.1 95.3 86.6 
Asphal tenes 13.8 15.0 0.6 3.1 
Preasphal tenes 0.0 0.1 1.2 2.8 
I OM 0.0 2.3 1 .o 3.6 

H2 Consumption, % NA* 4.9 15.4 31.9 

^NA: not a p p l i c a b l e  
React ion Time: 30 minutes 

45 6 



Table 5 
E f f e c t  o f  C a t a l y s t  on t h e  Coprocessing Reactions 

s 
West Texas West Texas West Texas West Texas 

VSK Or ig ina l  VSR VSR VSR 
Cata lys t  None P y r i t e  P y r i t e  NiMo/Al203 

Gas 
O i  1 
Asphal tenes 
Preasphal tenes 
I OM 

4.2 3.3 3.0 4.3 
58.6 67.1 68.3 72.9 
15.2 19.6 16.6 13.4 

8.2 6.2 6.6 3.0 
13.8 3.8 5.5 6.4 

Coal Conversion, % 55.5 87.6 82.3 79.3 
H2 Consumption, % 24.2 37 -9 30.0 52.9 
O i l  Production, % -2.1 18.8 2.25 33.1 

*The so lvent  was hydro t rea ted  i n  t h e  presence o f  p y r i t e .  
P 

Ma a TLR 
Maya TLR Maya TLR Nifio/Al203 

Cata lys t  None P y r i t e  NiMo/Al203 

Gas 
O i  1 
Asphal tenes 
Preasphal tenes 
I OM 

4.3 
60.1 
14.7 
8.5 

12.4 

3.3 
64.6 
19.1 

7.1 
5.9 

4.7 
69.7 
16.4 

2.2 
7.1 

Coal Conversion, % 60.0 81.0 77.0 
H2 Consumption, % 18.9 40.1 55.6 
O i l  Production, % 11.7 21.5 32.9 

Table 6 
S ing le  Stage Coprocessing Using West Texas VSR 

P 

s 3  Cata lys t  P y r i t e  & 
cs2 N i  Mo/A1203 

Coal Conversion, % 58.2 57.4 89.2 85.0 83.7 
Hydrogen Consumption, % 30.4 33.3 57.1 72.5 66.5 
O i l  Production, % -8.3 -6.9 23.9 54.3 39.3 

Two Stage Coprocessing Using West Texas VSK 

F i r s t  Stage Cata lys t  None P y r i t e  P y r i t e  NiMo/Al203 
Second Stage None P y r i t e  NiMo/Al2Og NiMo/Al203 
Coal Conversion, % 64.3 92.2 85.9 84.1 
Hydrogen Consumption. % 14.5 27.5 35.6 41.1 
O i l  Production, % -0.4 26.8 43.0 58.5 
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EIGH-PRESSURE CATALYTIC EYDROPROCESSING 
OF A 

SIMOLATED COAL LIQUID 

M. J. Girgis ,  B. C. Gates 
Center f o r  C a t a l y t i c  Science and Technology, Department of Chenical Engineering 

Univers i ty  of Delaware, Newark. Delaware 19716 
and 

L. P e t r a k i s  
Gulf Research and Development Company. P i t t sburgh ,  Pennsylvania 15320 

I K R O D U C I ' I O N  

The  c a t a l y t i c  hydroprocessing of coa l -der ived  1 i q u i d s  i s  p o o r l y  u n d e r s t o o d  
b e c a u s e  of t h e  c o m p l e x i t y  of  t h e  l i q u i d s  and t h e  l a r g e  number of compet ing 
reac t ions .  The g o a l  of t h i s  r e s e a r c h  was t o  c h a r a c t e r i z e  q u a n t i t a t i v e l y  t h e  
hydroprocess ing  o f  a l i q u i d  mixture modelling a coa l  l i q u i d  der ived from Powhatan 
No. 5 coal  i n  t h e  SRC-I1 p r o c e s s .  A s p e c i f i c  g o a l  v a s  t o  d e t e r m i n e  r e l a t i v e  
r e a c t i v i t i e s  of r e p r e s e n t a t i v e  r e a c t a n t s  and determine t h e  competitive i n h i b i t i o n  
e f f e c t s  of t h e  v a r i o u s  reac tan ts .  The experiments were c a r r i e d  out  with a m i x t u r e  
of a t  most n i n e  compounds r e p r e s e n t i n g  t h e  major  funct ional  groups i n  t h e  coal  
l iqu id .  The r e a c t a n t s  included p o l y n u c l e a r  a r o m a t i c  hydrocarbons ,  s u l f u r -  and 
o x y g e n - c o n t a i n i n g  h e t e r o c y c l i c s .  1 -naphthol ,  and b a s i c  a s  w e l l  a s  n o n b a s i c  
organonitrogen compounds. 

There i s  no o n e  t y p i c a l  coal  l iqu id  because t h e  compounds and t h e i r  r e l a t i v e  
amounts vary with t h e  source of t h e  coa l  and with t h e  type and o p e r a t i n g  s e v e r i t y  
o f  t h e  c o a l  l i q u e f a c t i o n  p r o c e s s .  I n  t h i s  study, t h e  choice of model compounds 
and t h e i r  r e l a t i v e  amounts were based on a d e t a i l e d  a n a l y s i s  of t h e  SRC-I1 heavy 
d i s t i l l a t e  ( 1 . 2 ) .  The c o n c e n t r a t i o n s  o f  compounds containing heteroatoms were 
chosen t o  give the  same concentrat ions of f u n c t i o n a l  groups p r e s e n t  i n  t h e  SRC I1 
heavy d i s t i l l a t e ;  t h e  concent ra t ions  of aromatic hydrocarbons were chosen t o  g ive  
a molar r a t i o  of 3:2:1 of fused 2-ring, 3-r ing,  and &r ing  aromatic compounds. 

EXPERIHENTAL 

Apparatus and Procedure 

The experiments  were c a r r i e d  out wi th  a fixed-bed flow microreactor  (3) .  The 
feed was prepared by dieeclving the r e a ~ t m :  co-pounds ir. cyclohexane  t o  g i v e  a 
s o l u t i o n  w i t h  a t o t a l  s o l u t e  mass f r a c t i o n  of 0.0025. Approximately 800 m l  of 
so lu t ion  was added t o  e i t h e r  of two lOOO-ml high-pressure autoclaves equipped w i t h  
s t i r r e r s .  The feed and t h e  vapor space above it were purged with hydrogen f o r  two 
h o u r s  s t  room t e m p e r a t u r e  w i t h  a hydrogen f l o w  r a t e  o f  50 m l / m i n .  Carbon 
d i s u l f i d e  d i s s o l v e d  in  another  1 0  ml of feed was then quickly added t o  g i v e  0.001 
mass f r a c t i o n  of carbon d i s u l f i d e  i n  t h e  feed. [The carbon d i s u l f i d e  s e r v e d  a s  a 
s o u r c e  o f  hydrogen s u l f i d e  v i a  t h e  r e a c t i o n  CSp + 482-282s + CH4, which 
o c c u r s  r a p i d l y  u n d e r  t h e  r e a c t i o n  condi t ions (4); t h e  CS2 maintained t h e  c a t a l y s t  
in t h e  su l f ided  s t a t e . ]  The autoclave was pressured up t o  137.1 atm with hydrogen 
a t  room tenpera ture ,  and t h e  feed was sa tura ted  wi th  hydrogen. This resu l ted  i n  a 
hydrogen mole f r a c t i o n  of approximately 0.05 i n  t h e  feed ( 5 )  or  a 50:l hydrogen t o  
r e a c t a n t  mole r a t i o ,  which p r e v e n t e d  t h e  hydrogen mole f r a c t i o n  from varying 
s i g n i f i c a n t l y  over  t h e  length  of t h e  reac tor .  

The s a t u r a t i o n  of  t h e  f e e d  wi th  hydrogen p r i o r  t o  i t s  in t roduct ion  i n t o  the 
reac tor  ensured t h a t  only two phases were p r e s e n t  i n  t h e  r e a c t o r ,  which al lowed 
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i, 

d e t e r m i n a t i o n  of reac t ion  k i n e t i c s  i n  t h e  absence of mixing e f f e c t s  o r  s i g n i f i c a n t  
r a d i a l  gradients  i n  concentrat ion o r  temperature. Because t h e  r e a c t o r  was h e l d  a t  
a h i g h e r  t e m p e r a t u r e  and p r e s s u r e  t h a n  t h e  au toc lave ,  no degassing of t h e  feed  
occurred, as confirmed by thermodynamic ca lcu la t ions .  

The r e a c t o r  c o n s i s t e d  of  a v e r t i c a l  316 s t a i n l e s s  s t e e l  tube 25.4 cm long 
wi th  an i n t e r n a l  diameter of 0.95 cm. The bot tom11 em of t h e  r e a c t o r  were packed 
w i t h  90-mesh alundum, t h e  n e x t  3 cm were packed wi th  0.050 g of c a t a l y s t  mixed 
wi th  alundum, and t h e  remainder of t h e  tube  was packed wi th  alundum. A d e t a i l e d  
descr ip t ion  of t h e  reac tor  i s  given elsewhere ( 3 ) .  

The c a t a l y s t  was s u l f i d e d  by passing a mixture of 10% E2S i n  E2 through t h e  
c a t a l y s t  bed a t  30 cu?/min f o r  two hours a t  400OC. The reac tor  was then cooled t o  
t h e  r e a c t i o n  t e m p e r a t u r e  ( u s u a l l y  35OOC) under  B2S/B2 and then  brought t o  t h e  
reac t ion  pressure of  171 a t m .  The feed w a s  pumped through t h e  r e a c t o r  by a Waters  
M-6000A l i q u i d  chromatography pump. Liquid samples could be taken from e i t h e r  a 
sampling va lve  o r  a dead volume cyl inder ,  both of which were located downstream o f  
t h e  r e a c t o r .  F o r  each run ,  t h e  r e a c t o r  was o p e r a t e d  u n t i l  s t e a d y - s t a t e  w a s  
reached (usual ly  24-30 h) ;  only da ta  from steady-state samples are reported.  

The a n a l y s e s  of t h e  l i q u i d  samples  were performed w i t h  a T r a c o r  560 gas 
chromatograph (GC) equipped wi th  a 30-m DE-5 bonded phase  c a p i l l a r y  column. The 
GC c o n t a i n e d  an o u t l e t  s p l i t t e r  which permitted t h e  column ef f luent  t o  h e  divided 
i n t o  two streams, one going t o  a flame ioniza t ion  d e t e c t o r  (FID) and t h e  o t h e r  t o  
a B a l l  e l e c t r o l y t i c  c o n d u c t i v i t y  d e t e c t o r .  The l a t t e r  was used  t o  i d e n t i f y  
nitrogen-containing compounds and t h e  f o r m e r  was used f o r  q u a n t i t a t i v e  p r o d u c t  
a n a l y s i s  using =-decane as an i n t e r n a l  standard. FID response f a c t o r s  r e l a t i v e  t o  
- n-decane were de te rmined  f o r  a l l  t h e  r e a c t a n t s .  Some of t h e  samples were a l s o  
analyzed by gas chromatography-mass spectrometry. 

Mater ia ls  

T h e  c a t a l y s t  u s e d  i n  t h i s  w o r k  w a s  A m e r i c a n  Cyanamid BDS-SA, a 
NiO-MoO3/Y-A1203 c a t a l y s t ,  t h e  p r o p e r t i e s  of which are l i s t e d  i n  Table 11. P r i o r  
t o  use,  t h e  c a t a l y s t  w a s  ground from 1/16" e x t r u d a t e s  t o  80-100 mesh p a r t i c l e s .  
The alundum used t o  pack t h e  r e a c t o r  was Alundum RR ( F i s h e r  S c i e n t i f i c ,  Blue 
Label). A l l  chemicals l i s t e d  i n  Table I as wel l  as  t h e  cyc lohexane  s o l v e n t  were 
o b t a i n e d  f rom A l d r i c h  Chemical Company and used as r e c e i v e d .  n-Decane w a s  
o b t a i n e d  from Eastman Chemical Co. Eigh-pressure hydrogen (3500 psig? and t h e  10% 
82s i n  E2 were obtained from Linde and Matheson, respec t ive ly .  

RESULTS AND DISCUSSION 

The f i r s t  s e r i e s  of experiments was conducted with t h e  s imula ted  c o a l  l i q u i d  
These experiments had t h e  following objec t ives :  

a) To d e t e r m i n e  t h e  r e a c t i v i t i e s  of t h e  var ious  reac tan ts  i n  a mixture a t  
d i f f e r e n t  t e m p e r a t u r e s  and weight  h o u r l y  s p a c e  v e l o c i t i e s  (WBSV) . 

b) To i d e n t i f y  a s  many reac t ion  products as possible .  
c)  To e s t a b l i s h  t h e  l i m i t a t i o n s  of t h e  chromatographic  ana lyses  of t h e  

products (e .&,  determine which peaks could not  be r e s o l v e d ) .  Product  
chromatograms were expec ted  t o  be complex, w i t h  o v e r l a p p i n g  peaks. 

kper iments  were c a r r i e d  out  a t  each of t h e  c o n d i t i o n s  shown i n  T a b l e  111. 
I n  T a b l e  I V .  t h e  reac t ion  products i d e n t i f i e d  a r e  l i s t e d  w i t h  t h e  methods used t o  
i d e n t i f y  them (mass spectrometry and c o - i n j e c t i o n  w i t h  a p u r e  compound i n t o  t h e  
chromatograph) .  Some problems were encountered i n  resolving important peaks i n  
t h e  product  chromatograms. The major  r e s o l u t i o n  d i f f i c u l t y  o c c u r r e d  w i t h  
d i b e n z o t h i o p h e n e ;  a peak of comparable s i z e  w a s  merged wi th  it on i t s  down slope,  
and a small peak from a n i t r o g e n - c o n t a i n i n g  compound appeared  on i t s  up s l o p e .  
The s m a l l  peak o n  t h e  u p  s l o p e  was not resolvable  from t h e  dibenzothiophene peak 
on t h e  FID t r a c e  (we d e t e c t e d  it w i t h  t h e  B a l l  d e t e c t o r ) ;  a s  a r e s u l t ,  t h e  
c a l c u l a t e d  d i b e n z o t h i o p h e n e  mas f r a c t i o n  was g r e a t e r  i n  product samples than i n  

designated i n  Table I. 
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t h e  f e e d .  T h e r e f o r e ,  t h e  o n l y  way t o  d e t e r m i n e  d i b e n z o t h i o p h e n e  
h y d r o d e s u l f u r i z a t i o n  (HDS) was t o  sum t h e  m a s s  f r a c t i o n s  of  b i p h e n y l  a n d  
cyc lohexylhenzene  i n  t h e  product  and d i v i d e  by t h e  f e e d  dibenzothiophene mass 
f rac t ion .  A s i m i l a r  d i f f i c u l t y  occurred with phenanthrene,  a s  t h e  H a l l  d e t e c t o r  
i n d i c a t e d  a n i t r o g e n - c o n t a i n i n g  peak a t  approximate ly  t h e  r e t e n t i o n  t ime of 
phenanthrene, whereas t h e  FID t r a c e  showed o n l y  o n e  l a r g e  peak. S i n c e  t h e  H a l l  
d e t e c t o r  was used o n l y  f o r  q u a l i t a t i v e  ana lys i s .  it was not  poss ib le  t o  subtract  
the  contr ibut ions of the  nitrogen-containing compounds. Hence, we expect t h a t  t h e  
a c t  ual phenanthrene  c o n v e r s i o n  was somewhat h igher  than t h e  ca lcu la ted  r e s u l t s .  
The addi t iona l  a n a l y t i c a l  problem occurred w i t h  a c r i d i n e .  Of t h e  approximate ly  
s i x  o r g a n o n i t r o g e n  compound peaks expected a s  acr id ine  products, only one, t h a t  
f o r  1 , 2 , 3 , 4 , 5 , 6 , 7 ,  8-oct a h y d r o a c r i d i n e ,  was i d e n t i f i e d ;  no h y d r o c a r b o n  
hydrodenitrogenation (EN) products  were ident i f ied .  

Table  V i s  a summary- of t h e  results f o r  rum at constant tenpera ture  (35PC) 
and v a r y i n g  WHSV w i t h  t h e  s i m u l a t e d  c o a l  l i q u i d  d e s i g n a t e d  i n  T a b l e  I. The 
c o n v e r s i o n s  of t h e  b a s i c  n i t r o g e n  compounds, quinol ine and acr id ine ,  were higher 
than  t h a t  of indole ,  t h e  mu-basic ni t rogen compound. However, t h e  f r a c t i o n  HDN 
o f  q u i n o l i n e  ( d e f i n e d  a s  t h e  moles  of t h e  q u i n o l i n e  and n i t r o g e n - c o n t a i n i n g  
quinol ine d e r i v a t i v e s  i n  t h e  product  d i v i d e d  by t h e  moles  of q u i n o l i n e  i n  t h e  
f e e d )  was considerably l e s s  than  t h e  quinol ine  conversion. It was not possible  t o  
o b t a i n  a r e l i a b l e  v a l u e  f o r  a c r i d i n e  HDN. 

F i g u r e  1 i s  a pseudo f i r s t  o rder  k i n e t i c s  p l o t  f o r  quinol ine and indole  EDN 
( i . e . ,  a p lo t  of t h e  f r a c t i o n  of  non-dehydroni t rogenated  compounds v s .  i n v e r s e  
s p a c e  v e l o c i t y ) .  Q u i n o l i n e  HDN fo l lowed pseudo f i r s t  o r d e r  k ine t ics .  whereas 
i n d o l e  HDN d i d  not. 

The c o n v e r s i o n  o f  dibenzofman was t o o  low t o  be measured r e l i a b l y ;  t h i s  was 
t h e  l e a s t  r e a c t i v e  of t h e  r e a c t a n t s .  I n  c o n t r a s t ,  t h e  c o n v e r s i o n  o f  
5 ,6 ,7  ,E+tetrahydro-l-naphthol was always g r e a t e r  than  8ox. No oxygen-containing 
products of 5,6,7,8-tetrahydro-l-naphthol were found;  it i s  i n f e r r e d  t h a t  t h e  
5 .6 .7 .6- te t rahydro-1-naphthol  c o n v e r s i o n  i s  i d e n t i c a l  t o  i s  hydrodeoxygenation 

Dibemothiophene  was converted appreciably only a t  t h e  lowest space ve loc i ty ;  
biphenyl and cyclohexylbenzene were de tec ted  a s  HDS products. 

The c o n v e r s i o n s  of phenanthrene,  f luoranthene,  and pyrene were, i n  order  of 
decreasing r e a c t i v i t y :  f luoranthene > pyrene > phenanthrene. As a consequence of 
t h e  n i t r o g e n  compound peak t h a t  w a s  merged with t h a t  of phenanthrene, t h e  ac tua l  
phenanthrene conversion i s  i n f e r r e d  t o  have been h i g h e r  t h a n  t h a t  shown i n  Table  
V. The pseudo f i r s t  o r d e r  k i n e t i c s  p l o t s  f o r  t h e s e  t h r e e  hydrocarbons suggest 
tha t  the hydrogenation r e a c t i o n s  were r e v e r s i b l e ,  as  expected. 

Table  V I  i s  a summary of r u n s  made a t  constant  space v e l o c i t y  but wi th  the  
t e m p e r a t u r e  v a r i e d  from 300 t o  40WC with t h e  simulated coal  l iqu id  designated i n  
T a b l e  I. A s h a r p  i n c r e a s e  i n  q u i n o l i n e  HDN was observed  from 3 0 0  t o  350OC. 
y v ~ ~ ~  S A ,  ~ u r  q u i u o i i n e  BDN h a r d l y  changed from 350  t o  400OC; t h e  product  
q u i n o l i n e  mass f r a c t i o n  observed i n  t h e  run a t  40WC was approximately f i v e  times 
t h a t  o b s e r v e d  a t  3500'2, which i s  c o n s i s t e n t  w i t h  e a r l i e r  o b s e r v a t i o n s  t h a t  
qu inol ine  hydrogenations a r e  r e v e r s i b l e  (6). 

The HDN t r e n d  w i t h  i n d o l e  was r a t h e r  d i f f e r e n t :  t h e  l a r g e  change inHDN 
o c c u r r e d  from 350 t o  4000C. whereas t h e  HDN was p r a c t i c a l l y  unchanged from 300 t o  
350°C; i n s p e c t i o n  o f  t h e  i n d o l e  mass f r a c t i o n  i n  these  runs  (Table VI) revea ls  
t h a t  t h e  i n d o l e  c o n v e r s i o n  p a r a l l e l e d  t h a t  o f  t h e  H D N ,  s u g g e s t i n g  t h a t  
ni t rogen-containing in te rmedia tes  of indole  were more r e a c t i v e  than indole  i t s e l f .  

The r e a c t i v i t i e s  of the  two oxygen compounds were a t  ex t remes :  d i b e n z o f u r a n  
c o n v e r s i o n  was  low.  e v e n  a t  t h e  h i g h e s t  t e m p e r a t u r e ,  w h i l e  t h e  ED0 of 
5 , 6 , ? .  8- te t rahydro-naphthol  was complete a t  35WC. As f o r  dibenzothiophene, t h e  
EDS i n c r e a s e d  w i t h  t e m p e r a t u r e ,  w i t h  t h e  l a r g e s t  change occurr ing from 350 t o  
4000 C. 

P h e n a n t h r e n e  c o n v e r s i o n  a l s o  i n c r e a s e d  w i t h  t e m p e r a t u r e .  However, 
f l u o r a n t u n e  and p y r e n e  gave  a d i f f e r e n t  r e s u l t :  i n  e a c h  c a s e  c o n v e r s i o n  
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i n c r e a s e d  from 300 t o  350OC but  decreased  s i g n i f i c a n t l y  from 350 t o  400°C. The 
decrease i n  conversion suggests  tha t  pyrene and f l u o r a n t h e n e  h y d r o g e n a t i o n s  a r e  
rapid but l imi ted  s t rongly  by e q u i l i b r i m  a t  t h e  highest  temperature. 

From the  d a t a  presented i n  Tables V and V I  it i s  evident t h a t  t h e  c o n v e r s i o n s  
of  d ibenzoth iophene .  d ibenzof  uran. and t h e  a r o m s t i c  hydrocarbons were a l l  low 
cmpared with those of t h e  o t h e r  cmpounds. I n  addi t ion ,  organonitrogen compounds 
and w a t e r  (one  of t h e  p r o d u c t s  of 5,6,7,&tetrahydro-l-naphthol HDO) a r e  known 
i n h i b i t o r s  (7 ,  8). These f i n d i n g s  m o t i v s t e d  t h e  next  s e t  o f  e x p e r i m e n t s  u s i n g  
a n o t h e r  s i m u l a t e d  coal l iquid,Table  V I I .  This  simulated coal  l iqu id  conta ins  t h e  
same mass f r a c t i o n s  of dibenzofuran, dibenzothiophene, and t h e  t h r e e  a r o m a t i c s  a s  
t h e  o n e  d e s i g n a t e d  i n  T a b l e  I, w i t h  t h e  n i t r o g e n  c o m p o u n d s  a n d  
5,6,7,6-tetrahydro-l-naphthol removed. 

Exper iments  were c a r r i e d  o u t  a t  35OOC and a t  WHSV with t h e  simulated c o d  
l iqu id  designated i n  Table V I I ,  and t h e  r e s u l t s  a r e  summarized i n  Table V I I I .  The 
r e s u l t s  of  F i g u r e  2 s u g g e s t  t h a t  t h e  hydrogenat ions  of f l w r a n t h e n e  and pyrene 
were r e v e r s i b l e ;  phenanthrene  appeared  t o  f o l l o w  pseudo f i r s t  o r d e r  k i n e t i c s .  
Dibenzof uran  convers ion  was again very low, suggesting t h a t  i t s  low r e a c t i v i t y  
- r e f e r r e d  t o  above-was not t h e  r e s u l t  of i n h i b i t i o n  by organonitrogen compounds 

and/or  water .  On t h e  o t h e r  hand, d i b e n z o t h i o p h e n e  HDS was  markedly g r e a t e r  i n  
t h i s  coal  l i q u i d  cmpared with the one d e s i g n s t e d  i n  Table  I. It i s  e s p e c i a l l y  
i n s t r u c t i v e  t o  compare t h e  r e s u l t s  from Run 6 (Table VII I )  with those  from Bun 1 
(Table VI) a s  both runs s e r e  made with t h e  same c a t a l y s t  Loading, f e e d  f l o w  r a t e .  
and t h e  same mass f r a c t i o n s  of d ibenzof  uran ,  d i b e n z o t h i o p h e n e ,  phenanthrene. 
f l w r a n t h e n e ,  and pyrene. The i n h i b i t i o n  e f f e c t  of t h e  organoni t rogen  i n h i b i t o r s  
a n d l o r  t h e  5 , 6 , 7 ,  E-tetrahydro-1-naphthol was s t rong f o r  sll t h e  r e a c t a n t s  except 
dibenzof uran. 

A d d i t i o n a l  exper iments  a r e  p lanned  where 5 , 6 , 7 ,  &tetrahydro-1-naphthol ,  
indole ,  and quinol ine  w i l l  be s u b s e q u e n t l y  added t o  t h e  s i m u l a t e d  c o a l  l i q u i d  
s p e c i f i e d  i n  T a b l e  V I I ;  t h e s e  should  g ive  addi t iona l  information concerning t h e  
cause of t h e  i n h i b i t i o n  i n  t h e  runs with the simulated coal  l i q u i d  g i v e n  i n  T a b l e  
I. 
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TABLE I 

SIUULATED a N  LXOUID 

Ou i nollnm 

Acridinm 

Xndolm 

Dlbmnzothiophanr 

Dibmazof urrn 

S.6.7.8-tmtra- 
hydro-1-nmphthol 

Fluormthrnm 

Phmnanthrmnm 

Pyrane 

k m i c  
litrogmn 

Nonbmic 
Nitrogmn 

(HI 

Sulfur 
Ilrtmrocyclic 

Naphthol 

F u d  thrn-ring 
Ar0.a t 1 C 

PUB& four-ring 
Aro8atic 

STRUCTURE CORPOUYD RELATIVE 
CLASS HOLE 

0.0265 

0.0261 

0.0384 

0.0347 

0.0639 

0.1133 

0.3489 

0.2320 

0.1163 

T l U E  I1 

PROPERTIES OF ARERICAII C T N A R I D l  8DS-91 CATALTST 

110 

-3 

h 2 0  

9.1 

m . 3  

0.- 

0.- 
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s#&z.m 
h i n o l i n e  

I B d O l C  

3 ax. 4.14 

4 IQ) 1.03 

5 ar, 1.10 

D i i b . l w t h w p b a  
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TABLE V 

N m I I A R T  OF RESULT5 O D T A I D W  AT T - M C  ADD VARIABLE W S V  

C E O :  SINULATED COAL L I O U I D  DESIGIATED I D  TABLE I 

mu1 e 1 2 3 

y ~ u v ,  cg of rr.et..nt.)/cg of eat h> 0.99 2.17 4.14 

PERCEDTAGE W l l V E R S I O W  

O V I ~ O L I D E  s7.9 90.7 84.2 
1-E s . 4  29.9 t2.9 
5,6,7.~-mRAWTDRO-I-lAPHTHOL 100 U.4 82.5 
DI-I 4.1 7.5 0.0 
n x a m x o m m  15.4 0.0 0.0 ._._ 
PREDADTHRENE 9.9 9.3 7.3 
ACRIDIDE 72.3 91.9 92.2 
FLOORADTHEIE a1.7 24.9 27.1 
PTREDE 20.3 16.6 16.8 

W I N O L I D E  PEPCENTAGE IID* 
I I M L E  PERCEITAGE BM 

59.6 33.0 15.7 
27.8 19.7 13.5 

TABLE V I  

N I I A R T  OF RESULT¶ O B T A I I E D  AT WSv-1 ADD VARIOUS TmtPERAT'JREs 

CEEO: S I I U L A T E D  COAL L I O U I D  DESIGDAThD I N  TABLE I 

R U I  # 5 1 

YRSV, (g of ruet .nt .> l lg  af eat h> 1.1 0.99 1.03 
TEMPERATURE. C 350 400 

PERCEIITAGE C O N R S I O I  

001 I O L  I I E  %.a 97.9 an.4 
I X W S  a1 .o 46.4 70.5 
5 . 6 . 7 . B - T E T R I H ~ O - l - D A P ~ O L  %.a 100 99.9 
DIBUZOFURAY 0.9 . t  ., 
D I B U r Z M W I O P H E l l E  0.0 
PBBlA*THREIE 3.9 
ACRIDINE a7.7 
FLUORANTHENE 
PTREDE 

ac;4 
12.0 

_.- 
15.4 
9.9 
72.3 
41.7 
20.3 

1.- 

75.9 

75.9 
16.2 
13.6 

i3.n 

4.2 59.6 54.3 
27 .5  27.0 5S.0 
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TADLE VI11 

9UU.llkR.l OF RESULTS 08TnlLED WITH THE 
SIMULATED cou. UOUID DESIGNATED IN T n s u  YII 

DI8ENZOFURkII 
DIBENZOTHIOPHElE 
VELIAUTIIREUE 
FLOORAITHEIE 
PTREIE 

2.8 
ao.7 
33.1 
65.6 
77.7 

2.7 
10.3 
18.0 
US.6 
27.6 

t 

i I 
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A LABORATORY STUDY OF 
AGGLOMERATION IN COAL GASIFICATION 

C. R. Hsieh and P. T. Roberts 

Chevron Research Company, Richmond, California 94802-0627 

INTRODUCTION 

The agglomerating tendencies of coal during gasification, 
especially during various stages of reaction, is a complex reaction. 

Several investigators have studied the behavior of carbon- 
free ash. Stallmann and Neavel (1) found that the agglomerates of 
fused ash appear to form at temperatures below the initial defotma- 
tion temperature, as defined by the ASTM fusibility test (2). 
Huffman, et al. ( 3 )  observed that significant particle melting of the 
ashes occurred at temperatures as much as 200-400°C below the ASTM 
initial deformation temperature. They also noted that melting was 
greatly accelerated under reducing conditions. Rehmat and 
Saxena (4) argued that it is not necessary for every reacting par- 
ticle to attain the ash fusion temperature in order for agglomeration 
to occur. Only a few particles are required to reach the ash melting 
temperature. These particles form the nuclei for the formation of 
the ash agglomerates, and this process will indeed consume the ash 
produced from other particles. 

that the defluidizing tendency or the stickiness of the particles is 
directly proportional to the area of contact, the adhesive property 
of the particles, and inversely proportional to their momentum. 
Mason and Pate1 ( 6 )  felt that agglomeration depends on fluidized bed 
temperature, bed ash concentration, average particle size, super- 
ficial velocity, and bed height. Goldberger (7) and Siege11 (8) both 
found that the ash softening temperature had no efeect on the 
defluidization characterization for ash samples in their experi- 
ments. Basu ( 9 )  concluded that defluidization of a fluid bed is 
governed by the sintering characteristics of the bed material. 

In some gasification processes, however, the carbon is only 
partially gasified in a reducing atmosphere and the remaining carbon 
is oxidized in a separate combustion zone (10). In addition, an 
inert Solid is piesent which serves as a heat carrier and a diluent 
for the coal. The agglomerating tendomies of coal in such a process 
are different from the behavior of carbon-free ash. 

char, and ash during various stages of reaction. This included a 
range of temperatures, under reducing and oxidizing conditions, and 
in a mixture with an inert solid. 

In a fluidized bed, Langston and Stephens (5) recognized 

In this paper, we have evaluated the agglomeration of coai, 

EXPERIMENTAL 

Sample Preparation - Table I shows the proximate and the 
ultimate analyses of the three subject coals. Table I1 summarizes 
the mineral analyses of the ashes which were generated by heating the 
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coa l s  i n  a i r  t o  538-649OC and  s c r e e n i n g  a l l  s a m p l e s  t o  p a s s  b e t w e e n  
100-mesh and  200-mesh U . S .  s t a n d a r d  s c r e e n .  
was 16-30 mesh. 

TABLE I 

COAL ANALYSIS 

N o r t h  D a k o t a  
L i g n i t e  

P r o x i m a t e  A n a l y s i s ,  % 
M o i s t u r e  1 2 . 3  
Vola t i 1 e 34 .5  
F i x e d  C a r b o n  44.2 
Ash 9 . 1  

U l t i m a t e  A n a l y s i s ,  % " 2 0  
C 
H 
N 
S 
0 
Ash 

1 2 . 3  
6 0 . 2  

4.2 
0.9 
1 .0  

1 2 . 3  
9 . 1  

TABLE I1 

% of Ash 

S i 0 2  

T i 0 2  
2'3 

Fe203 
C a O  
MgO 
K20 

so3 

Na 2 0  

'2'5 
S r O  
B a O  

Mn3O4 

When s a n d  w a s  u s e d ,  i t  

W e s t e r n  
Subb i t umi n o u  s 
NO. 1 NO. 2 -- 

11 .3  8 . 0  
31.3 1 3 . 0  
40.2 60.0 
1 7 . 2  19 .0  

11.3 8.0 
54.8 64.9 

4 .1  2.0 
1.1 0 .9  
0 .8  2.6 

10 .8  2.5 
17.2 1 9 . 0  

MINERAL ANALYSIS O F  ASH 

w e s t e r n  
N o r t h  Dakota 

L i q n i t e  

3 9 . 8  
1 6 . 4  

0.8 

8.1 
1 3 . 0  

3.9 
0 . 2  
0 .8  

1 5 . 9  
0.5 
0.4 
0 . 1  
0 . 2  
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S u b b i t u m i n o u s  
No. 1 N o .  2 -- 

59.3  23.8 
25 .7  9 . 2  

0.9 0.5 

5.2 1 4 . 3  
2 .7  14 .2  
1 . 0  4.5 
0 .8  0.5 
1.9 5.9 

2.2 26.6 
0.2 0 . 2  
0.0 0 .1  
0.1 0 . 3  
0 .0  0.1 



Equipment and Procedures - Figure 1 shows the experimental 
setup employed. In a typical experiment, the furnace was purged with 
nitrogen and preheated to 538OC before a 0.5-9 sample of material was 
placed in a ceramic boat and positioned in the center of the fur- 
nace. The sample was heated to the desired temperature in nitrogen 
before either a reducing or an oxidizing gas was passed over the 
sample for a predetermined time. The gas flow velocity was approxi- 
mately 0.8 cm/sec. After each experiment, the sample was allowed to 
cool outside the furnace and seived to determine the extent of 
agglomeration. The extent of agglomeration is defined as the weight 
percent retained on a mechanically vibrated 100-mesh screen. 

The oxidizing gas was air. The teducing gas consisted of 
51.8 vol % H2, 25.8 VOl % C O ,  18.8 VOl % H20, 1.7 VOl % HzS, 
1.1 vol % C02, and 0.8 vol % NHJ. In some experiments, water was not 
used. 

The average mass balance varied from a low of 96.9% for the 
North Dakota Lignite ash to a high of 100.8% for the Western Sub- 
bituminous No. 1, assuming complete decomposition of the sulfate and 
phosphate from the ash under experimental conditions. 

In either a reducing or an oxidizing atmosphere at a given 
temperature, run lengths between 10 min. and 30 min. caused no sig- 
nificant difference in agglomeration, indicating that the agglomera- 
tion is complete by 10 min. Varying the sample size from 0.5-1.5 g 
showed no significant difference in the results, indicating that 
there is no particle mass transfer limitation in our tests. 

RESULTS 

Ash Agqlomeration - Figure 2 shows the results with carbon- 
free ashes in the reducing gas. At 927OC, there is no significant 
agglomeration of any of the samples. The Western Subbituminous No. 1 
sample developed substantial agglomeration at 982-103R°C, the No. 2 
sample at 1038-1093°C, and the North Dakota Lignite ash at 
1093-1149OC. A l l  three samples were completely agglomerated at 
1149OC. Figure 3 shows that in a reducing environment, the agglomer- 
ates transformed from a loosely packed ash at low temperature to a 
glassy melt at high temperature. 

Figure 4 shows the effects of both reducing and oxidizing 
environments at 1149OC. Both conditions produce agglomeration, but 
et t h i s  temperature the reducing gas leads to more pronounced 
agglomeration. There was no agglomeration in a nitrogen environ- 
ment. Thus, agglomeration is related to reactions between components 
in the ash and in the surrounding gas environment. 

Effect of Carbon Conversion - Western Subbituminous Coal 
NO. 1 was used to prepare samples of varying carbon content. The 
samples were tested in a variety of environments. Figure 5 shows 
that the agglomeration tendency correlates well with carbon con- 
tent. No agglomeration occurs until more than 80% of the carbon is 
removed. ,Thus, modest amounts of carbon will retard ash agglomera- 
tion, even at quite severe conditions. Figure 6 shows that at 6 4 %  
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carhon conversion, the sample looks much like the starting coal. At 
99% conversion, the sample has agglomerated some, hut still not to 
the extent as a carbon-free ash. 

Effect of Inert Solids - Since carbon-free ash samples 
agglomerated the most, we mixed them with silica sand at a 1/10 
ratio. Table I11 shows that agglomeration decreased in both reducing 
and oxidizing environments. Figure 7 shows that this decrease in 
agglomeration is quite dramatic in the reducing atmosphere. The ash 
samples agglomerated and shrunk: on the other hand, the particles in 
the ash/sand mixtures are well separated and bulky. 

TARLE I11 

AGGLOMERATION OF 
WESTERN SUHRITUMINOUS NO. 1 

% Agglomeration 
1038'C 1093OC 1149OC --- 

Ash Only 
0 0 0 
74 9 7  100 

N2 

Oxidizing, 10 Min. 78 98 100 
Oxidizing, 30 Min. 14 99 100 

1 1 2 
64 94 91 

N2 

Reducing, 30 Min. 65 86 91 
Oxidizing, 30 Min. 13 60 87 

Reducing, 10 Min. 

Ash + Sand 

Reducing, 10 Min. 

DISCUSSION 

Aqqlomeration Temperature - Stallmann and Neavel (2) defined 
the agglomeration temperature as the 50% point on a curve like those 
in Figure 2, which corresponds to the steep part of these curves. 
Figure 8 compares the agglomeration temperature from both our experi- 
ments and those of Stallmann and Neavel (2) with the ASTM initial 
deformation temperature. This figure confirms the observations made 
by Stallmann and Neavel that the agglomeration temperature is a few 
hundred degrees lower than the ASTM temperature and that the ASTM 
initial deformation temperature cannot be correlated to the 
agglomeration temperature. 

these three coal ashes decreases linearly with increasing sodium 
content of the ash. No other ash component showed a consistent rela- 
tionship to agglomeration. 

important in the design and operation of a coal gasification or com- 
bustion process. We found that agglomeration depends on both coal 

Figure 9 indicates that the agglomeration temperature for 

Process Implications - The control of agglomeration is 
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p r o p e r t i e s  and  o n  process c o n d i t i o n s .  I n  p a r t i c u l a r ,  t h e  a g y l o m e r a -  
t i o n  of  p a r t i a l l y  c o n v e r t e d  c o a l  is n e g l i g i b l e  up t o  8 0  w t  % c o n v e r -  
s i o n .  A t  h i g h e r  c o n v e r s i o n s ,  a g g l o m e r a t i o n  c o u l d  b e  c o n t r o l l e d  by 
d i l u t i n g  t h e  r e a c t i n g  m a t e r i a l  w i t h  i n e r t  m a t e r i a l s  s u c h  a s  s a n d .  
T h i s  s t u d y  a l s o  i n d i c a t e d  t h a t  a g g l o m e r a t i o n  occurs o n  a s h o r t e r  time 
scale t h a n  t h e  n o m i n a l  r e s i d e n c e  t i m e  i n  a l l  b u t  t h e  m o s t  k i n e t i c a l l y  
r a p i d  g a s i f i c a t i o n  s y s t e m s .  T h e s e  o b s e r v a t i o n s  s u g g e s t  t h a t  a 
g a s i f i c a t i o n  process w h i c h  r e q u i r e s  o n l y  p a r t i a l  g a s i f i c a t i o n  i n  a 
r e d u c i n g  a t m o s p h e r e  a n d  w h i c h  e m p l o y s  a d i l u e n t  i n e r t ,  s u c h  a s  t h e  
o n e  d i s c l o s e d  by M i t c h e l l ,  e t  a l .  ( l o ) ,  c a n  g r e a t l y  r e d u c e  t h e  
a g g l o m e r a t i o n  p r o b l e m  w h i c h  may o c c u r  i n  p r o c e s s i n g  c o a l .  
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FIGURE 1 

ASH AGGLOMERATION TEST 
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FIGURE 2 

ASH AGGLOMERATION IN REDUCING GAS 
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FIGURE 3 

EFFECT OF TEMPERATURE ON 
AGGLOMERATION 

1038"C, Reducing Gas 

1149"C, Reducing Gas 
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FIGURE 4 

EFFECT OF GAS ENVIRONMENT ON 
AGGLOMERATION 

Reducing Gas at 1149°C 

Oxidizing Gas at 1149°C 
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FIGURE 5 

ASH AGGLOMERATION USING A 
WESTERN SUBBITUMINOUS COAL 
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FIGURE 6 

AGGLOMERATION OF 
WESTERN SUBBITUMINOUS COAL NO. 2 AT 1149°C 
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FIGURE 9 

ASH AGGLOMERATION 
THE EFFECT OF SODIUM CONTEF r ON 
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